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Abstract  
Lithium-ion cells are the most commonly used method of energy storage for portable electronics. 
However, the capacity and power reduces with time and is dependent on usage conditions. This is a 
challenge for electric vehicle battery packs that are expected to last for up to eight years. Vehicle 
manufacturers need to understand the causes of this phenomena to accurately predict the vehicles 
achievable range over its entire lifetime. For automotive manufacturers to tackle this challenge they 
must know what operating conditions impact cell capacity and power. And, once this has been 
established, how these operating conditions impact cell capacity and power. Answers to these questions 
would provide critical information for manufactures; allowing them to mitigate or plan for their impact.  
In this work, electrical testing was performed across seven cell conditions for between six and thirty 
months to determine changes in capacity and resistance. Due to the different facility requirements at 
least one of the following cell chemistries were used for each test, Nickel manganese cobalt (NMC), 
Nickel Cobalt Aluminium (NCA) and lithium cobalt dioxide (LiCoO2) / all with graphite negative 
electrodes. State of charge, temperature, current rate during charge, the quantity of the state of charge 
window utilised and vibration all impacted electrical performance. Cell orientation and external 
pressure had no effect on cell lifetime.  
Cell capacity and resistance change over its lifetime is a function of the parasitic chemical reactions 
occurring within the cell. Understanding how these operating conditions impact cell performance 
requires a study of the fundamental materials that are at fault. Therefore, materials characterisation of 
the negative electrode surface film (identified as the primary source of changes to cell capacity and 
resistance) was performed. 
Consistency of analytical methods to study this surface film is dependent on the processes of 
preparation. Those used within literature to open cells, and process the internal cell electrodes led to 
erroneous results through modification of the surface films chemical properties. A new method is 
introduced of opening 18650-type cells that is simpler, costs less and stops surface film damage and 
contamination. In addition, washing electrode surfaces with solvents, which is routinely done within 
literature, was found to affect the surface film. This work shows that washing can remove surface film 
and selectively solvate parts of it. It is therefore recommended that washing is not performed.  
After cell opening, samples were then analysed to determine material changes. A method is introduced 
to determine the relative surface film thickness (which relates to cell resistance) with x-ray 
photoelectron spectroscopy that is an improvement on the current method within literature. A wet 
chemistry method is also shown to selectively remove LiPF6 salt. This makes it possible to use high 
performance liquid chromatography to study the polymeric species without it reacting with hydrofluoric 
acid.  
Using these methods, a relationship is identified between current rate during charge and surface film 
thickness at the negative electrode up to rates of 4-C. At rates of 6-C and greater the surface film altered 
chemically. Cell vibration was found to cause the selectively formed film to be replaced with electrolyte 
reduction products, increasing cell resistance. Subjecting cells to different temperatures and states of 
charge (SoC) caused different films to form at each temperature. Coupled with electrical performance 
data, this could be reduced to two. One at 10oC and one at 45oC. SoC was also found to accelerate film 
formation but not chemically alter it at these two temperatures. Problems with the USABC test for a 
percentage change in state of charge for lithium-ion cells was identified, but these problems stopped 
surface film analysis. 
This work identifies what conditions impact cell performance and their effect on the negative electrode 
surface film. Changes in the surface film have significant implications on the users of electric-vehicles, 
most especially the range of the vehicle battery and how that reduces over its lifetime. Such information 
may directly impact the vehicle warranty, battery size and type of accelerated testing performed to 
predict cell lifetime. All of these factors represent considerable costs to manufacturers of electric-
vehicles. Accuracy is therefore of critical importance.  
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1. Introduction 
 
European regulation 443/2009 states that the fleet average exhaust emissions of carbon dioxide 
(CO2) for all passenger vehicles sold within the European union must be 95g.km
-1 by 2021 [1]. 
The fleet average exhaust emissions of CO2 for Jaguar Land Rover (JLR) in 2015 was 182g.km
-
1
 [2], if unchanged, companies with CO2 emissions like JLR will be subject to fines on their 
vehicles and therefore they need to reduce their exhaust CO2 emissions.  
JLR and other automotive manufacturers have chosen to reduce CO2 emissions by introducing 
a range of hybrid and all-electric vehicles [3]. The JLR programme uses lithium-ion cells [4]. 
These cells are identical in operating principles to those used in most hand-held electronic 
systems and laptop computers [5].  
Lithium-ion technology is used for energy storage in laptop computers and mobile phones, 
however these are only expected to last for two to three years [6]. During this time, the capacity 
and power that the cells provide diminishes and the device requires more frequent charging or 
uses more energy to perform the same tasks [7]. Most mobile phone users replace their handsets 
within this two-year period. However, automotive manufacturers are expected to have vehicle 
batteries that last for up to eight years [8]. Please note that battery end of life (EOL) is when it 
equals 80% of initial capacity or a 50% increase in internal resistance – this is an internal 
standard from JLR (sponsoring company). 
If electric vehicles do not meet this lifetime then original equipment manufacturers (OEM), 
like JLR, may have to replace them at cost. The price of a battery pack (consisting of multiple 
lithium-ion cells) for an all-electric vehicle may be as high as £10,000 each [9] so replacement 
is not a sound business strategy. This means that vehicle manufacturers need to find a way of 
accurately predicting the battery’s predicted lifetime. 
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When JLR initially commissioned this doctoral study, they had no documentation of whether 
a vehicle containing a lithium-ion battery pack could reach this lifetime requirement. The initial 
aim of this doctorate was to determine how long a battery would last and provide some evidence 
in the form of real-world testing and mathematical modelling to predict the expected lifetime. 
Lifetime performance decline of lithium-ion cells is affected by the conditions of its use [6]. It 
is possible to use a battery management system (BMS) to control the operating conditions of 
the battery (e.g. temperature). This would mean that those conditions which prolong cell 
lifetime are preferentially chosen over those that degrade it [10]. Ultimately, it may be possible 
to militate against the detrimental conditions that reduce cell capacity and power if it is 
understood what causes it to happen. To make this calculation, manufacturers need to know 
which conditions impact cell performance and by how much.  
The most accurate method of predicting lithium-ion cell lifetime is to take the cell from a 
supplier and then use it in real-world conditions for the warranty period of eight years. 
However, when considered within the constraints of a company’s supplier sourcing, vehicle 
production, and manufacturing processes this type of testing is not practical due to the infinite 
number of potential driving conditions. For example, the protocol for driving in Hong Kong 
[11] contains different operating conditions to those for UK urban areas [12]. And this is before 
we have considered the impact of driver style and usage. Lithium-ion cells also come in many 
shapes and sizes, the same cell chemistry made by two different manufacturers may give 
markedly different lifetime performance [13]. If an automotive company wishes to change 
suppliers, use new cells from the same supplier or use a new type of cell chemistry the cell 
lifetime may have to be predicted again, requiring additional testing before implementation in 
a vehicle [14]. Vehicle manufacturers cannot wait this long and therefore need to predict 
lifetime much sooner.  
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Currently, accelerated lifetime prediction is performed by increasing the frequency and / or 
intensity of laboratory tests [15]. Spotnitz refers to accelerated testing for simulating capacity 
fade of commercial lithium-ion cells [16]. The example they introduce is ‘time temperature 
superposition’ where doubling the temperature can halve the testing time. Bloom et al. 
performed this type of testing for accelerated calendar and cycle life ageing and found an 
Arrhenius relationship (time)1/2 for temperature between cells stored at different states of 
charge [17] they intimate that it may be due to electrolyte interface layer growth (a surface film 
that forms on the negative electrode). Bloom et al. then relate that this relationship is not 
consistent for cells cycled at 3% of the state of charge (SoC) window compared to 6% – as 
shown by a non-linear change in cell capacity. Suggesting that a change in the operating 
condition induces a different internal mechanism of degradation to occur. 
Ultimately, capacity and resistance measured through the cell terminals are external 
representations of multiple internal reactions. The conclusions of Bloom et al. [17] work are 
based on the assumption that no chemical changes occurred to the surface films composition 
for SoC reactions sped up by temperature. Accelerated ageing hinges on the concept that the 
acceleration can be performed without changing the chemical reactions that occur [16]. 
However, Bloom et al. [17] electrical work alone does not provide sufficient evidence that this 
is true. It is possible that different reactions still occur as temperature increases but performance 
decline still follows a (time)1/2 kinetic rate. This becomes more complicated at more extreme 
conditions, or if multiple different conditions and cell materials are included. 
Automotive companies stake reputation and considerable money on determining how long 
their battery pack lasts. There is a business case for accurately accelerating the ageing for 
lithium-ion cells by ensuring that the conditions which accelerate ageing do so by increasing 
surface film thickness and not chemically altering its composition. This is because if additional 
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chemical reactions do occur then the lifetime of the cell may diverge from the predicted values. 
This type of divergence has the potential to be very costly to OEM’s in the long term due to 
warranty costs. 
It is possible to use post-mortem analysis to study what chemical changes occur within the 
lithium-ion cell. This works by studying specific components of the cell for changes in the 
material properties [18-21]. It may be possible to use post-mortem type analysis to lithium-ion 
cells to determine the chemical reaction mechanisms with a decline in capacity and increase in 
resistance [22]. Such results may validate or refute accelerated ageing methods, identify the 
causes of cell ageing, and suggest those conditions that require further investigation. 
  
The aim of this work is to investigate how post-mortem analysis can be used to detect material 
changes in commercial lithium-ion cells after accelerated lifetime testing. 
 
Figure 1 show the outline of this work, and shows the general flow of the document and 
portfolio. The majority of the work within this portfolio deals with the process of post-mortem 
analysis and is highlighted within the ‘Innovations’ section. However, the majority of the work 
that is of interest to a commercial entity is contained in ‘Background’ and ‘results / impact’. In 
reality, the ‘Results / impact’ section are affected by the improvements made within the 
‘innovations’ section. This is reflected by the majority of submissions to the portfolio being 
within the ‘Innovations’ section but the majority of published work being in the ‘results / 
impact’ section. Specific portfolio submissions are referred to within the portfolio when their 
contents become significant - all such points are referred to by a note in standard font size and 
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italicised script within the main body of the text. It is advisable to read these chapters as they 
are mentioned in the text. 
 
 
Figure 1. Outline of the engineering doctorate portfolio, numbers to the left of white topic boxes represent chapters 
within this innovation report. Red boxes labelled S1-5 represent the five portfolio submissions; the black PW 
boxes represent published work.  
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2. Ageing of lithium-ion cells 
 
This chapter addresses the causes of ageing (reduction in capacity, increase in resistance) 
within lithium-ion cells and the induced chemical reactions. In order to understand ageing it is 
important to comprehend some fundamental aspects of what lithium-ion cells are and how they 
work. Therefore, this chapter begins with principles of lithium-ion cells and then presents the 
current literature into what conditions cause a reduction in capacity and an increase in 
resistance. Figure 2 shows this chapter’s position within the context of the wider portfolio. 
 
Figure 2. Outline of the engineering doctorate portfolio, highlighted for Chapters 2-4. Red box labelled S1 
represent the first portfolio submission; the black PW box represents published work.  
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2.1. Lithium-ion cells  
Lithium-ion cells are secondary (rechargeable) cells that store energy chemically. Each cell is 
comprised of many different chemicals with many interchangeable possibilities [23]. 
Commercially available cells from different manufacturers use varied and complex 
compositions of materials that can be slightly or significantly different from one another [24]. 
These differences and variety of compositions introduce complications to understanding what 
chemical mechanisms are occurring within the cell to cause resistance to increase and capacity 
to decline. 
N.B. Chapter Two of Submission One from this Portfolio covers the general composition of 
lithium-ion cells and their chemistry in more detail. 
Figure 3 is a graphic of a lithium-ion cell and shows the eight basic steps to release and store 
energy. These steps are:  
 Transferring Li+ ions out of the negative electrode active material  
 Solvating Li+ into the electrolyte  
 Diffusing Li+/Li through the surface film of the negative electrode  
 Li+ Migrating through the electrolyte and separator   
 Li+ Diffusing through the positive electrode surface film  
 Li+ De-solvating out of the electrolyte  
 Intercalating (process of Li+ movement into the unit cell of the host lattice) into the 
positive electrode active material 
 Transfer of electrons through the external circuit, providing power  
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Movement of charge governs lithium-ion cells, whether by electrons (e-) or ions (Li+). 
Electrical current is produced when there is a potential difference between two bodies that are 
electrically and ionically connected [25]. Figure 3 shows that the individual cell electrodes are 
connected ionically through the electrolyte and electrically through the external circuit. More 
details on the charge transfer phenomenon and electrical current can be found here [26].  
An electrochemical cell has two electrodes; one positive and one negative. These are spatially 
separated but ionically connected by a salt bridge, which is the electrolyte mixture containing 
lithium salt [27]. Lithium-ion cells work by transferring lithium ions (Li+) between the two 
electrodes through the electrolyte. This movement allows the cell to store / release energy. 
When lithium intercalates into the negative electrode the voltage of the cell increases. 
Intercalation can be defined as the insertion of atoms into the crystal lattice of another material.  
The voltage is a measure of the reserved energy per unit charge from redox (oxidation / 
reduction) reactions that occur at the electrode surfaces. Two different redox reactions occur, 
Figure 3. Graphic showing the main components and processes of a lithium-ion cell during release of 
energy. Electrons are represented by e- whereas lithium cations are presented by Li+; all processes for 
normal cell operation are represented by red arrows. 
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one at each electrode, but can be represented by a single reaction (1) that is commonly broken 
down into two half-cell reactions. During discharge these are oxidation at the anode (2) and 
reduction at the cathode (3). C represents carbon, Li represents lithium and MO represents 
transition metal oxides; the letters w, x, y and z represent varied stoichiometric quantities. 
When a cell is charged, Li+ migrate to the negative electrode; a potential difference is required 
to force the movement of Li+ out of the cathode, because it is the lowest available energy state. 
Once the Li+ are in the negative electrode the difference in electrode potential means they still 
want to migrate to the positive electrode (lower energy).  
 
Cx + LiwMOy ↔ LizCx + LizMOy    (1) 
Liw-z Cx ↔ ZLi+ + XC + e-                   (2) 
Liw-zMOy + e
- + ZLi+ ↔ LiwMOy            (3) 
 
This entire process is possible because once the Li+ reaches the electrode it gains an electron 
from the electrode active material, and reduces to lithium (3). After this reduction, the lithium 
must diffuse through the bulk of the material and intercalate into the active material. Fick’s 
first law, which is simplified for no changes in concentration, shows two key parameters that 
impact this. These are the chemical composition of the material being diffused through and the 
path length (4). Equation 4 holds where J is the diffusion flux (mol.cm-2 s-1), D is the diffusion 
coefficient, C is the concentration and x is the distance travelled by the ion. D is proportional 
to the velocity squared of the material particles and is dependent on temperature, material 
viscosity and particle size. 
𝐽 =  −𝐷 
𝑑𝐶
𝑑𝑥
    (4)  
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2.2. Causes of lifetime reduction 
The work contained in this section focuses on the causes of lifetime reduction (ageing) within 
a lithium-ion cell as reported by academic literature. It connects the manner in which a cell is 
treated with the internal chemical mechanisms it induces.  
N.B. An earlier edition of this literature review is presented in submission one of this doctoral 
portfolio. The application of this work and proof of its use to modelling of lithium-ion cells is 
shown in the work of Uddin et al. [28].  
 
2.2.1. Definition of ageing  
For the purposes of this work ‘ageing’ is a permanent reduction in capacity, or an increase in 
the resistance, of lithium-ion cells. 
Capacity is a measure of the available lithium and the available sites in the active material that 
lithium can be stored in. The second is resistance (6), because the cell (Vcell) (cell terminal 
voltage under load) assuming the current (I) is a constant, is dependent on the resistance (R) 
and the voltage of the cell under no load (Vocv), which relates to the potential difference 
between electrodes. 
 
Vcell = Vocv – (I • R)   (5) 
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2.2.2. Causes of cell ageing 
The causes of ageing reported within literature are:  
 Temperature [10,29-34] 
 State of charge [35-38,34,39,40]  
 Percentage change in state of charge [41,42]  
 Number of cycles [34]  
 Rate of intercalation (current rate) [43,44,41,45,36,46,30,47-49]  
 Charge procedure [48]  
 Time [40]  
 Depth of discharge [50] (% ∆ SoC) 
 External mechanical conditions [51,52]  
 Choice of materials [50] 
Not all of these are relevant to the vehicle user case for this work because the requirements of 
an automotive manufacturer are different. Whilst correct choice of materials for cells is crucial 
it is beyond the scope of this work. This is because this work assumes that manufacturers of 
lithium-ion cells have addressed this issue. This assumption and its validity is a major 
advantage over using laboratory cells. Although laboratory cells provide more information on 
specific chemical mechanism interpretation, because the chemistry parameters are better 
known, they are open to significant error through poor manufacturing processes – it is difficult 
to create repeatable results from laboratory made cells. This is the reason that Dahn et al. use 
small commercial pouch cells for their tests [53,54]. 
Time and number of cycles is commonly cited as a cause of cell ageing. However, accelerated 
ageing is potentially able to reduce the time taken to age by replicating conditions more 
frequently or increasing its intensity, as shown by Bloom et al [17]. Therefore, if replication or 
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intensity of a different factor in the same period of time or number of cycles is able to age a 
cell at a faster rate; then the measurement medium itself (time, number of cycles) cannot be the 
origin of the failure. A study of anything but the origin of failure may lead to incorrect 
interpretation of results. Therefore the number of cycles is excluded as a cause of cell ageing. 
From a commercial point of view, vehicle manufacturers cannot apply a limit on the time a 
battery is stored for or how many times a vehicle can be used in a day. Because few people 
would buy a vehicle with such limitations. This also applies to current rate during discharge; 
vehicle manufacturers use supplier imposed limits on discharge for cells. However, the precise 
frequency and type of acceleration during discharge over a cell lifetime, within this supplier 
imposed limit, is beyond the control of vehicle manufacturers and therefore it has also not been 
studied. 
Charge procedure is also an example of a cause that is easy to misinterpret. It is reported as a 
cause of capacity fade [48,55,56]. Zhang [48] changed the charging protocol from constant 
current or voltage during charge to a multi-stage variation.  They reduced the current initially 
(<10% SoC) and at the end of charging, (>90% SoC); this reduced capacity fade. Nevertheless, 
‘charging protocol’ is the amalgamation of a specific current rate and SoC of the cell. It is 
possible that current, SoC or total coulombs alone caused the ageing. This is because ‘charge 
procedure’ as a term is not the root cause of the problem but rather an amalgamation of specific 
cell usage conditions. Without investigating them separately it is not possible to de-convolute 
the capacity and power values to determine a root cause and therefore, this work only 
investigates the isolated causes of cell ageing. 
There are also some conditions that need to be investigated as requirements from JLR. 
Vehicles, are subject to vibration during use [57], and the cells are also held within a vehicle 
pack [58] so may be subject to pressure to save on weight and space. In addition, the batteries 
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will be held at a specific orientation and the question has been raised by JLR whether this 
would impact performance due to cell design – because no other root cause sufficiently 
addresses these problems they are also being investigated. 
The following have been identified as possible independent variables that do not depend on 
any other factors:  
 State of charge 
 Percentage change in state of charge 
 Temperature 
 Current rate 
 Vibration 
 External pressure 
 Orientation 
Therefore, one or more of these seven conditions outlined above is responsible for reducing 
capacity or increasing resistance of the cells within a vehicle battery pack. The innovation 
within this work is on connecting these causes with material changes within the cell; to 
determine their impact on cell lifetime.  
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3. Internal chemical mechanisms responsible for ageing 
 
The purpose of this chapter is to determine from literature what internal mechanisms are 
occurring under each of the seven conditions. And, how they can be studied using post-mortem 
analysis.  
 
3.1. Definitions within this work 
3.1.1. State of charge (SoC) 
SoC can be defined as the percentage of available stored energy compared to total possible 
energy [59]. Electrically, it can be defined by a standard capacity test [60]. For commercial 
lithium-ion cells 100% SoC is approximately 4.2V whilst 0% SoC is approximately 2.5V. 
Variations can occur with differing chemistries so the actual value should be tailored for each 
individual cell. Electrochemically, SoC can be defined by the percentage of the negative 
electrode that has been intercalated with lithium ions. At 100% SoC the negative electrode is 
theoretically fully intercalated.  
 
3.1.2. Percentage change in state of charge (%  SoC) 
A % ∆ SoC can also be referred to as ‘change in depth of discharge’ or ‘SoC swing’[61]. 
Occurring within the SoC window, %  SoC defines how much of the SoC window is used 
irrespective of the SoC. This concept is illustrated in Figure 4, A, has a different % ∆ SoC to 
B and C, but B has the same % ∆ SoC as C. 
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Electrically %  SoC is the total number of coulombs for a charge-discharge cycle and may 
occur at any voltage. Electrochemically it defines the total number of lithium ions that 
intercalate into the electrode and is also a measure of the total work done on a system.  
 
 
 
 
 
3.1.3. Temperature (T)   
Temperature is also a root cause of cell ageing.  As far back as 1889 Arrhenius kinetics showed 
the dependence of chemical reactions on T [62].  Nernst Heat Theorem states, ‘in a perfectly 
crystalline substance, exchange of entropy accompanying transformations [chemical reactions] 
approaches zero asymptotically as temperature approaches zero [Kelvin]’[63].  Therefore, 
temperature is essential for any reaction to occur and is also a determining factor in its rate.  
 
3.1.4. Current (I) rate  
Although %  SoC defines the total number of coulombs in a charge-discharge cycle, the 
current rate determines how fast the lithium ions and electrons move. The rate of e- movement 
Figure 4. The difference between SoC and %ΔSoC is shown through three different boxes on a state of 
charge scale bar. A has a greater %ΔSoC than B whilst B and C are equal in %ΔSoC values but the 
SoC values differ.  
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in the external circuit and subsequent Li+ ion intercalation may affect ageing of li-ion cells.  
For this reason, the current rate is separate from T, %  SoC and SoC. 
 
3.1.5. Pressure, orientation and vibration 
Irrespective of chemically induced ageing or test conditions, external mechanical stresses 
including vibration [51] orientation [64] and external pressure [52] may cause ageing within 
lithium ion cells. Because none of these are dependent on I, SoC, %  SoC or T and are all 
experienced within a vehicle. they will also be investigated for their impact on cell capacity 
and resistance.  
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3.2. Chemical mechanisms responsible for cell ageing 
This section describes the dominant ageing mechanisms responsible for a reduction in capacity 
and power, according to literature. Each of the seven causes is investigated individually and 
possible mechanisms for degradation are highlighted within their own sub-sections. In some 
cases the same mechanism can be accelerated by different causes, in these instances the 
mechanisms are mentioned under each cause. The mechanistic pathway covered for each cause 
is the one that literature has associated with it. 
 
3.2.1. State of charge  
As a cell is charged lithium-ions intercalate into the negative electrode from the positive 
electrode via the electrolyte. This moves the negative electrode potential closer to zero at the 
same time as the positive electrode’s potential increases. The actual value depends on potential 
differences in materials and is the open circuit voltage of the cell. This voltage relates to the 
cells ‘state of charge’ value [65]. Therefore, a high state of charge relates to a higher quantity 
of lithium in the negative electrode. 
 
3.2.1.1. Lithium plating 
As the negative electrode approaches 0V, i.e. 100% SoC, it is closer to the potential at which 
lithium deposits from the electrolyte onto the surface of the negative electrode (lithium plating) 
[66].  For normal cell function, lithium intercalates from the salt in the electrolyte (LiPF6) to 
the negative electrode. At lower electrode potentials intercalation is no longer the 
thermodynamically favourable reaction and is replaced by Li+ reduction, forming lithium metal 
which plates at the surface of the electrode. This decreases the amount of available lithium and 
increases resistance through formation of a surface film [67].  This film then reduces available 
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pathways for intercalation, as shown in part b. of Figure 5. The simplified schematic does not 
show the complex nature of path blocking. It is often not just a sterically hindered phenomenon, 
in many instances paths can be extended in length and not blocked. Capacity is reduced by loss 
of lithium inventory through being used up by reactions [68]. Resistance increases from an 
increased path length for the Li+ ions and blocked pores on the electrode surface.  
 
 
Figure 5. Part a. Schematic showing the traditional intercalation of Li into the negative electrode (solid black 
arrow) and the alternate path that occurs during lithium plating (dotted arrow).  The light blue rectangle represents 
lithium plating whilst the dark grey rectangles represent a carbon or graphite negative electrode particle.  Part b. 
This is a schematic showing possible intercalation paths blocked by Lithium plating. 
 
Lithium plating is shown in the work of Burns et al. [69]. Their work detects the impact of 
lithium plating on electrical performance with high precision coulometry and uses photographs 
to prove lithium plating occurs. However, this is not quantitative so would introduce problems 
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in comparing how much lithium is present if anything but a binary test is performed. Harris et 
al. [66] detect lithium-plating by creating a custom cell and cycling it. However, this is also not 
quantitative and it would be simpler to just open the cell and look at it. Klamor et al. have 
shown detection of lithium plating with 7Li nuclear magnetic resonance (NMR) [70] which is 
able to quantify lithium plating.  
However, quantification of the lithium on the surface may not tell the entire story. Agubra et 
al. performed testing on cells with lithium plating and showed that the plated lithium can re-
oxidise at 100mV [71] and re-intercalate into the electrodes. This means that lithium plating is 
reversible and may not necessarily always lead to capacity loss. In addition, Zhang et al. 
propose that lithium plating can form at the interface between the graphite and the surface film 
[48]. These complications make determining how to detect lithium through the surface film 
less useful. A possible solution to this predicament is shown by Sinha et al. who propose that 
plated lithium reacts with electrolyte to thicken a resistive film at the negative electrode surface 
[67]. Therefore, if plated lithium detection with NMR is unlikely to be able to be connected 
back to a change in electrical performance. However, once the lithium reacts to form surface 
film, then it is not reversible. Therefore, the mechanism of lithium plating that permanently 
impacts cell performance could be analysed by a change in the surface film that forms on the 
negative electrode. 
 
3.2.1.2. Electrolyte reduction 
Increased SoC increases the likelihood of electrolyte reduction at the negative electrode [72] 
which then forms a film. The rate of surface film formation is increased by higher SoC (lower 
potential of the negative electrode) of the cell [73]. 
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3.2.2. Increased Temperature (T) 
3.2.2.1. Surface film formation 
Amatucci et al. [74] report that lithium-ion cells cycled at high temperatures see a decrease in 
capacity and an increase in internal resistance. Their study focused on carbon negative and 
transition metal oxide positive electrodes. This general composition makes up the majority of 
lithium-ion cell chemistries commercially so it is especially relevant to this work [72]. Surface 
film formation (electrolyte reduction) at the negative electrode is cited as the primary cause of 
capacity fade and resistance increase within their work. This was found to decrease capacity 
by consumption of Li+ cations but also to increase resistance through reduction in surface area 
available for intercalation and an increase in path length for the Li+ ions [75].  
Although the initial surface film formation at the negative electrode occurs during cycling, 
Andersson et al. [76] report that irreversible reactions thickening the surface film occurs at 
higher temperatures.  
 
 
3.2.2.2. Surface film dissolution 
Amatucci et al. noted that at higher temperatures (70oC) the surface film dissolves and 
decomposes. Decomposed surface film of the form LiOH, ROLi and LiF would not be useable 
lithium inventory and would become a precipitate in the electrolyte solvent or else comprise 
surface film [77]. This decomposition then allows for electron tunnelling through a, now, 
thinner surface film layer and further reduction of the electrolyte happens. The result is further 
capacity loss through re-forming of the surface film layer. However, because 70oC is a higher 
temperature than expected during normal cell use it should not occur during normal cell 
lifetime. Spotnitz infers that the upper temperature limit before such reactions may occur is 
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around 55oC. The temperature chosen within these studies should be lower than this to allow 
for such nuances. 
 
3.2.3. Low Temperature 
3.2.3.1. Lithium plating 
Lin et al. [78] and Smart and Ratnakumar [68] tested MCMB-LiCoO2 cells at low temperatures, 
-40 to 25 oC.  Using a Li reference electrode placed between the anode and cathode they 
determined that interfacial resistance and thus lithium plating was the primary cause of capacity 
fade. The mechanism they propose is that Li concentration increases at the negative electrode 
due to intercalation not being energetically favourable at low temperatures (e.g. -20 oC) during 
charge. Because the concentration of Li has increased at the surface of the electrode, reaction 
of lithium with the electrolyte, which is thermodynamically favourable at these temperatures 
then occurs and thickens the surface film.  
 
3.2.4. Current rate during charge 
3.2.4.1. Lithium plating 
Lithium plating has been discussed previously with respect to SoC in section 3.2.1.1 and with 
respect to low temperature in section 3.2.3.1. In addition to both SoC and low temperature 
multiple sources [65,68,48] have shown that increased current during charge speeds up the rate 
of lithium plating at the negative electrode. It is likely that each of these causes will have a 
contributory impact to the rate of lithium plating and the mechanisms induced are likely to 
combine. For example, Figure 5 shows a pore blocking mechanism that lithium plating induces. 
This could be accelerated even further at low temperatures and increased current rates. The 
reason that lithium plating occurs at high currents is due to its electrochemical potential and 
the kinetics of intercalation, as shown by Smart and Ratnakumar [68]. The reason the potential 
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of the cell is affected by current rate is shown by equation (6), which is ohms law for a cell. 
Where V (potential of the electrode) is determined by E, which is represented by SoC, the 
current rate (I) and the cells internal resistance. As the current rate increases the potential of 
the electrode reduces. Therefore, as current rate increases the potential of the electrode will 
reach the potential at which lithium begins plating at a lower SoC. 
 
V = E – IR   (6) 
 
3.2.5. Vibration 
Vibration has been referred to as a possible cause of ageing [79]. These authors have only 
referred to it in passing.  For example, Svens et al. [80] refer to it as a factor of ageing in 
performing laboratory tests that replicate real life but no further information is given or implied. 
Testing for the possible ageing associated with vibration is a niche market because consumers 
throw away cells after only a few years use. They are often disposed of before vibration has an 
effect. For this reason, some authors have referred to the expensive and costly nature of creating 
reproducible data on ageing mechanisms associated with vibration [80]. Therefore, vibration 
remains essentially untouched in terms of its impact on lifetime of lithium-ion cells. The author 
has been unable to find any examples of the impact of vibration on the negative electrode, or 
any electrode for that matter. However, electric-vehicles may be subjected to harsh vibration 
profiles and the impact of vibration on materials in general is well established [81].  
 
3.2.5.1. Electrode flaking 
The only literature on electrical performance was a five minute vibration test using a varied 
frequency shaker table that showed no effect on cell lifetime [51]. Further work is therefore 
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needed to conclusively determine whether vibration has an impact on the lifetime of lithium-
ion cells.  
Research has been done into impact of vibration on lead –acid batteries and this mechanism 
may extrapolate to lithium-ion cells. For lead-acid batteries as the electrode flakes and erodes 
due to temperature, vibration can increase the rate at which these flakes then break off [82], 
presumably through mechanical damage or interaction of the flakes with the separator. For 
lithium-ion cells this would increase the rate of subsequent surface film formation and thus 
reduce capacity.  
 
3.2.6. Orientation 
NASA performed an orientation test on a single seven amp hour cell with 100% SoC at room 
temperature [83]. It prematurely failed after 630 cycles, although with destructive analysis no 
ageing mechanism was discernible. Further tests on different cells showed no ageing associated 
with 100% %SoC at 398 and 413 K after 1000 cycles. Whereas, for cells float charged 
(maintained at the same voltage) at 4.1 V, orientation made no difference at 25oC but failed 
after 115 days at 45oC. All four of the vertical cells were kept in inverted orientation but with 
no control cells [64]. Essentially, no useful information was obtainable from their test because 
of premature cell failures that did not align with a specific orientation. Three years later the 
supplier of the cells for the Mars Rover missions ‘YARDNEY’ stated in its data sheets that its 
cells can operate in any orientation including zero gravity [84]. There has not been much 
investigation into the impact of orientation on cell capacity or resistance. Further work is 
needed to conclusively evidence its effect on electrical performance. 
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3.2.7. External pressure 
High external pressure such as when a cell is placed within a module or pack caused consistent 
capacity fade when compared to unconstrained or lightly constrained cells [85]. Loss of 
cycleable lithium was shown by localised deformation in the separator and surface film of the 
anode with post-test analysis of the cells using scanning electron microscopy (SEM). No other 
studies have been performed to investigate external pressure affects ageing so further work is 
required. 
 
3.2.8. Discussion 
The chemical changes that each of the seven mechanisms induce are summarised in Figure 6. 
Joining the results of primary and secondary mechanisms shows that creation of surface film 
at the negative electrode is the ultimate cause of ageing within the cell under these conditions 
– and is even a product of increased lithium plating.  
It is not clear whether vibration, orientation or pressure impact cell performance at all, although 
in keeping with the other lifetime impacting factors if vibration does impact the cells, it may 
impact the negative electrode surface film.  
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This literature review shows that post-mortem analysis should be centred on investigation of 
the negative electrode surface films composition. If this assumption is accurate, then 
accelerating the condition will impact cell performance without chemically altering the surface 
film. If this is the case and the chemical nature of the surface film does not change, then it is 
crucial that analysis be performed to determine the surface film’s thickness. This is because, as 
Fick’s law shows (4), diffusion into the bulk of the material is dependent on temperature, path 
Figure 6. The seven (+1 for low temperature, as a subset of temperature) possible causes of lithium-ion cell 
ageing related to the internal mechanisms responsible for increase in cell resistance and a reduction in capacity 
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length (thickness) and the diffusion coefficient (chemical structure of the surface film). 
Therefore, the chemical structure of the surface film and its thickness are key parameters in 
connecting the post-mortem results to electrical performance. 
Surface film at the negative electrode is cited as the primary mechanism of cell ageing by 
multiple authors [86-90]. This conclusion is supported in a highly cited review of degradation 
mechanisms for lithium-ion cells by Vetter et al. that ageing is caused by reactions at the 
electrode surface [6].  
However, the positive electrode has been shown to contribute to the ageing of lithium-ion cells. 
Wright et al. performed a study on over 300 commercial cells tested at three different national 
laboratories within the United States of America. They concluded that oxidation of the 
electrolyte at high SoC at the positive electrode was the cause of decreased cell performance 
[91]. However, this assertion appears to be based purely on a paper by Guyomard and Tarascon 
[92] that studied the electrical performance of cells with voltages that exceed the 4.2V reached 
in commercial cells. The majority of the work that Wright et al. perform is also on cells at 
greater than 40oC. This suggests a potential maximum temperature that the cells can be stored 
at, within this study, of around 40-50oC, because the change in resistance occurs within this 
juncture. 
This work is seeking to understand, measure and predict ageing of commercial lithium-ion 
cells. The majority of literature focuses on a surface film that forms at the negative electrode 
and assumes that the positive electrode contribution is negligible. This assumption is also made 
for this work, which is especially appropriate considering the temperatures that will be 
experienced in real-world conditions are not routinely greater than 40-50oC. 
  
  
27 
 
3.3. The negative electrode Surface film 
This section begins by investigating the origins and current understanding about the negative 
electrode surface film and concludes with which analytical techniques can be used to study it. 
 
3.3.1. Introduction to the negative electrode surface film 
In 1979 Peled proposed that whilst the transfer of Li+ ions was occurring parasitic reactions 
also occur. The product of these parasitic reactions, forms at the interface of the electrolyte and 
active material [93]. His work was performed on alkali and alkaline based earth metals in non-
aqueous battery systems; he called this surface film a solid electrolyte interphase (SEI). There 
is some confusion in using this term because some surface films do not form an interphase 
between the electrolyte and the surface film. These terms are used interchangeably within this 
work. Fong et al. showed this mechanism was also true for lithiated graphite within lithium-
ion cells [94]. And that formation of this film was coupled with a sharp reduction in capacity 
and increase in resistance within the first few cycles of the cell’s life. This occurs because the 
abundant electrons that provide current to the external electrical circuit are freely available to 
the electrolyte. As the Li+ intercalate into the active material the electrodes are at the correct 
potential for reaction with the electrolyte. These electrons migrate through the electrically 
conducting active material from the site of lithium de-intercalation and react with the solvent. 
However, this performance decline is not as severe after the first few formation cycles [95]. 
The reason is that the formation of this surface film passivates the electrode to further similar 
parasitic reactions [96]. Therefore, this passivating film must be at least partly electrically 
insulating, because the cell does not continue to lose capacity and increase in resistance at the 
same rate. But it is also ionically conductive, to allow intercalation to still take place. This 
indicates that the surface film forms on the electrode active material particles and thus reduces 
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the rate of Li+ diffusion into (or out of) the active material. As shown by (5), with an increase 
in parameter x (path length) this causes a reduction in the rate of diffusion. Therefore, this 
parasitic reaction to form surface film would cause the cell resistance to increase and, if lithium 
was used in its formation, lose capacity. This is directly noticeable by the user of the car as a 
reduction in available driving range. 
  
3.3.2. Chemical composition of the surface film 
The negative electrode active material in commercial cells is consistently carbon based, 
normally graphite or hard carbon. The particles are approximately 5-20 µm in diameter – as 
seen in the micrographs of Markervich et al. work [97]. These particles are bound together with 
a binder material, this is typically a styrene butadiene rubber (SBR) type compound or 
something similar [98]. In addition to the intercalating carbon and binder, commercial 
electrodes are coated or mixed with additives to improve performance – there are likely to be 
many additives all performing different roles, as explained by Zhang [99].  
Lithium-ion cells also require a salt for the transfer of cations within solution, for commercial 
cells this is normally LiPF6, within a solvent [24]. This solvent will invariably contain ethylene 
carbonate (EC) due to its preferential reaction at the electrode surface for passivation [100]. 
However, like LiPF6 it is a solid at room temperature and pressure (RTP). Electrolyte liquid is 
created by solvating these compounds in lower boiling point alkyl carbonate solvents such as 
dimethyl carbonate (DMC) and diethyl carbonate (DEC) [24]. It is not possible to know the 
precise chemical composition of the materials present within commercial cells [99]. However, 
Table 1 shows the chemical structure of commonly used electrolyte solvents, the LiPF6 salt and 
some additives.   
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Table 1. Common components likely to be present in electrolyte using skeletal bond formula representation with solid lines representing bonds in the plane of the paper, wedged 
lines representing bonds that are behind the paper and dashed lines for those moving out from the paper. 
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Some of the first studies into the chemical composition of the surface film suggest that its 
formation follows a mechanism like that shown in Figure 7 to form various alkyl carbonates 
[101]. This general mechanism of ring opening, although not with propylene carbonate (PC) 
due to its formation of unstable surface films with LiPF6 [102], is held to be generally accurate 
for other similar solvents. The surface film is comprised of small hydrocarbons (product 1) and 
more specifically alkyl carbonates (products 2 and 3) at the electrode surface [103].  
 
Figure 7. Two possible reduction mechanisms when propylene carbonate is the reagent, as proposed by Aurbach 
et al. [104] 
 
Additives such as vinylene carbonate (VC) have been shown to preferentially polymerise on 
the surface of the electrode initially and stabilise it to further reaction with electrolyte solvents 
[105]. This polymerisation forms polyvinylene dicarbonate plus a myriad of other polymerised 
chains containing R-OCO2Li groups [106], where R- represents a varied residual hydrocarbon 
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species of unknown specific composition. The polymerisation suggested in their work involves 
acetylene. Reaction with this molecule, although preferential due to it being an alkyne, is not 
the only one possible. With the addition of other chemicals and additives, such as the many 
possibilities in commercial cells, it is likely that other polymerised products are also formed. 
In fact, it is the polymerisation of these organic additives that is often attributed with the 
increased cycle life and other beneficial properties [107-109]. 
Figure 7 that shows the proposed reduction and ring opening of propylene carbonate to form 
two different products. One of these products (product 3) contains only a single Li+ whereas 
the other contains two (product 1). There are no papers that predict the stoichiometric quantities 
of products one or two; and due to the complexity of reagents present such predictions would 
be even more complex for commercial cells. However, hypothetically as an illustration, if this 
ring opening mechanism were to be the main cause of capacity loss (loss of lithium) within the 
cell and if product 1 and 2 is stoichiometrically more prevalent than Product 3. The capacity of 
the cells under these conditions would reduce at a rate of twice of that compared to if product 
3 was the stoichiometric preference. This is because Product 1 contains twice as many lithium 
atoms. Therefore, it may not be possible to know the precise cause of capacity fade within 
lithium-ion cells without knowing the stoichiometric quantities and all of the internal 
mechanisms occurring. However, a study of the surface film chemical composition should be 
identical if the cells have been treated in the same way and therefore, chemical changes to this 
film should still provide details of changes in chemical mechanisms that have occurred. 
Examples of molecules present in the surface film are shown in Figure 8. Although this figure 
is not intended to be exhaustive it is indicative of the type of materials being studied. The 
typical composition of the gases shown in Figure 8 are from [110], whilst the typical 
composition of surface film components and electrolyte deposits is taken from [111,112].  
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Figure 8 shows possible chemical components of the surface and in the electrolyte are 
oligomers, small inorganic molecules, carbonates and other small organic molecules (e.g. 
propane).  
 
  
Figure 8. Chemical composition of the typical classes of materials within the surface film, electrolyte and gas. Red 
rectangular outlined boxes indicate organic functional groups. Green boxes indicate inorganic containing compounds, blue 
boxes indicate the individual elements being studied and orange boxes indicate polymeric species by circling the ‘n’ 
annotation of the molecule. The symbols (l), (g) and (s) refer to the phases of liquid, gas and solid respectively. 
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3.4. Techniques to study the chemical composition of the surface film  
The negative electrode surface film may be as thin as a few nanometres [107,113,114] and is 
stochastically and in-homogeneously ordered with significant relative surface roughness 
(active material particles that protrude from the surface are microns in diameter but the surface 
film is only nanometres) [115,116]. This means that the surface film surrounds each particle, 
the particles themselves are 1000 times larger. This makes analysis of this film complicated. 
However, it is more complicated than this, Figure 9 shows the typical composition of the 
electrode during use. It shows that the surface film situated on the graphite particles is covered 
by electrolyte that contains solvents, deposits, and other materials. Once the cell is opened the 
low boiling point (B.P.) solvents (B.P. < 20oC) evaporate leaving the other products deposited 
onto the electrode surface. These products can block or saturate analysis of the thin surface 
film and it may be difficult to differentiate the surface film from the deposits.  
 
 
Figure 9. Graphic of the electrode surface during cell use 
 
The gaseous products are exclusively small organic hydrocarbons, mainly saturated but with 
some alkene groups (C=C). All of these molecules can be detected and quantified with GC-MS 
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[117]. Raman or IR spectroscopy can also be used for confirmation of the GC-MS results, as 
shown in the work of Stoicheff for CO2 gas analysis with Raman spectroscopy [118].  
Analysis of the surface film and electrolyte deposits is more difficult. This is due to problems 
associated with separation of the two. As shown in Figure 9, once the cell is opened the low 
boiling point solvents evaporate and leave high boiling point solvents, electrolyte deposits and 
salts. In addition, many of the inorganic chemicals in both the surface film and the deposits are 
the same (Figure 9). Some molecules may impact resistance of the cell when contained within 
the surface film [119] but will not have the same effect within the electrolyte. In order to 
overcome this a method is required that can differentiate between the surface film, electrolyte 
deposits and the bulk. 
Figure 9 shows that the surface film and deposits contain a mixture of longer chain organic 
hydrocarbons, inorganic compounds and polymers. X-ray photoelectron spectroscopy (XPS) 
is capable of studying these elements, and can also differentiate between molecules (chemical 
functional group). XPS is uniquely placed as a technique which can offer the combination of 
chemical state specificity and the high degree of surface sensitivity (< 10 nm) [120] needed to 
identify the compounds found in the surface films of lithium-ion cells. This is proven by its 
universal use for post-mortem analysis of lithium-ion surface films by leading scientists in the 
field, such as Peled who discovered SEI [113]; Aurbach, Peleds successor and one of the 
principle authorities on surface film chemical composition [121]; and Dahn, who identified 
SEI formation on graphite particles [122]. XPS is one of, if not the most, commonly used 
method for quantitative analysis of the surface films chemical composition [19,123-
125,104,126-132]; this is likely due to five reasons:  
 Sampling depth (analyses at a depth of 1-10nm so can potentially isolate surface film 
from bulk materials) 
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 Sensitivity of detection up to 1% 
 Can detect lithium 
 Detection and quantification of organic species and their chemical environment 
(functional group) 
 Detection and quantification of inorganic species and their chemical environment 
Information obtained through XPS can be supported by IR and Raman spectroscopy. Work by 
Aurbach et al. exhibited this when they studied the surface film / deposits of the electrode using 
XPS, IR and Raman [133]. However, they then propose a mechanism involving polymerisation 
of VC, but state that none of the methods they used (IR, Raman, XPS) were capable of verifying 
this conclusion because they could not detect the polymeric species.  
A common method for studying polymers is size exclusion high performance liquid 
chromatography (HPLC). The problem with this method is that it exposes the LiPF6 salt, which 
is also removed during washing [134], to moisture which then forms HF [135]. This acid 
corrodes the equipment and contaminates the sample.  
Although XPS can study the number and type of functional groups present it cannot determine 
changes in the length or type of polymers present as reliably, to do this, HPLC can be used 
[136]. 
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3.5. Determining surface film thickness with XPS 
Diffusion through the surface film has long been established as a rate limiting factor for 
lithium-ion cells based on changes to the diffusion coefficient (chemical composition of the 
film) and the path length (surface film thickness) [137]. If the chemical structure of the surface 
film remains identical, and temperature remains the same, then the only other contributing 
factor of a resistance rise from the surface film must be due to the surface films thickness. 
Pinson et al. show that the electrode resistance of a film that does not alter in chemical 
composition can be attributed to its diffusion length [138] 
The cell thickness has been calculated using sputter-depth profiling with XPS as shown in these 
previous studies [139,140]. Sputter-depth profiling is where the surface is removed by 
accelerating particles at the sample to remove the top layer. This type of sputtering, which is 
different to sputter-deposition, is used to remove surface material, rather than add it. This 
sputtering interleaved with analysis provides information on the chemical composition at each 
layer. In both studies, they use a standard to act as a depth gauge of sputter rate. This type of 
analysis is routinely performed on homogeneously oriented structures with well-established 
chemical configurations, such as Si / Si-O [141]. This is because the rate of sputtering is 
dependent on the orientation of particles [142] and on the material being sputtered [143]. 
Sputter depth profiling can be used for high quality Si/Si-O because they meet these criteria. 
However, for inhomogeneous samples with an unknown chemical composition this is not 
possible. In addition, any depth profiling study would also sputter through other deposits on 
the surface and salt. This means that any time based value is dependent on the time taken to 
sputter through these additional components and the thickness of these is not known either. 
Therefore the method used by Lu et al. [139] and Ma et al. [140] to determine an absolute 
thickness of the surface film is not likely to work. 
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3.6. Study of the polymeric species present in the surface film with HPLC 
Aurbach et al. state that they were not able to study the polymeric structure and nature of the 
surface film with IR, XPS or EDAX [133]. A commonly used method for analysis of polymeric 
materials that are less than 10,000Da is HPLC using a gel permeation column (GPC) [144]. 
The surface film is removed by a solvent and then processed by HPLC. However, LiPF6 is 
known to decompose to lithium fluoride and phosphorous pentafluoride (11). In the presence 
of moisture, phosphorous pentafluoride forms hydrofluoric acid (HFaq), as shown in (12). HF 
is classed in the highest groups for both corrosiveness and toxicity under European Union 
legislation [145]. When HF forms inside the chromatography system it corrodes internal 
components causing leaks. It also corrodes the column itself, this in turn increases the total 
counts and changes the chemical composition of the sample being studied. This means that the 
results are not consistent because they contain varied quantities of the column and system lining 
as well as other parts of the equipment. This means chromatography cannot be used for 
electrode washings containing LiPF6 because it taints the sample; nor would a laboratory wish 
to cause damage to expensive equipment.  
 
LiPF6 → LiF + PF5                    (7) 
PF5 + H2O → POF3 + 2HF                   (8) 
 
This problem of HF formation from LiPF6 reaction in lithium-ion cell samples damaging 
equipment is highlighted by Petibon et al. [146]. They suggest a liquid-liquid extraction method 
to circumvent the problem and process samples prior to analysis with gas chromatography 
[146]. Their method hydrolyses the LiPF6 from the sample prior to analysis with GC but during 
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the period of HF formation the sample is in contact with the LiPF6. This means that HF may 
react with the sample prior to analysis. Whilst their method is useful in not damaging 
equipment, because HF then reacts further, there is no guarantee that the short term creation of 
HF has not contaminated the sample itself. Analysis of that sample with GC could not have 
guaranteed that the sample was not contaminated, only that HF was no longer present to 
damage the equipment.  
Therefore, a method is required to improve on Petibon et al. [146] process by stopping HF’s 
reaction with the sample.  
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3.8. Obtaining access to the negative electrode surface film 
3.8.1. Cell opening 
Cell opening is the process of removing electrode active material from the outer casing and 
other components. For pouch cells this outer casing is made of aluminium lined with a polymer. 
For 18650-type cylindrical cells it is a stainless steel casing. 
 
3.8.2. Pouch cells 
Commercial pouch cells are comprised of alternate positive and negative electrodes with a 
separator between them. This can be either a folded single electrode or multiple sheets stacked 
on top of each other. The opening and removal of internal materials for pouch cells is relatively 
simple and intuitive. It involves the use of ceramic scissors and plastic or plastic tipped 
tweezers. The process described by Williard et al. appears consistent with the approaches in 
literature and there are no apparent reasons for the surface film to be affected by the process 
[147]. 
 
3.8.3. Cylindrical (18650) cells 
Commercial 18650-type cells are comprised of alternately wound electrodes and separator 
rolled into a ‘jelly roll’ and placed into a steel cylinder with a small mandrel hole approximately 
3-5mm in diameter down the centre.  
The methods in literature suggest opening 18650-type cells by cutting the top or bottom and 
then along the length of the cell and removing the inner roll. This has been done with hand-
held Dremel© saws [148] automated onto stages [149] or just with hacksaws [150]. The use of 
a Dremel© tool with a ceramic cutting disc is the most common method (Figure 10, A) [147].  
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Using this method, it is difficult to not also cut into active material and thus short the cell by 
electrode layers touching around the edges (Figure 10, B & C). It also creates black soot and 
sparks from the stainless steel as it is cut. The soot covers everything in the glove box – 
including the electrode roll. Williard et al. point out that this is likely to taint further analysis 
of the active material [147]. They also support the suggestion that short circuits and friction 
from the disc cutting the steel causes cell temperatures to increase. The work of Broussely et 
al. draws definitive conclusions which show that temperature is a critical component in 
inducing other aging mechanisms [50]. Therefore, using this method is likely to make changes 
to the surface film. Thirty 18650-type cells were opened using a combination of Dremel©, 
hacksaws and files; it was not possible to remove the inner roll without cutting into active 
material, creating short circuits and creating dust.  
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Therefore, it can be concluded that dust creation, temperature increases and short circuits 
always occur when these cutting methods are used. In addition, dust and particulates also 
spread onto nearby samples and can be moved around by air flow [151]. These could then land 
on, imbed in, or react with samples which are later analysed.  
The problem is that techniques used to analyse these samples can be sensitive to the top 10 nm 
of a material surface. The impact of this type of contamination using techniques that are this 
sensitive mean that analysis may detect compounds that are not present in the cell during use 
but were added during cell opening. This could then lead to conclusions that are inaccurate.   
Figure 10. Image of a Dremel multi-tool with ceramic cutting blade attached (A). Images of failed attempts 
to open 18650 lithium-ion cells without short circuit. B is the best attempt with a hacksaw blade. C is the 
best attempt with a Dremel multi-tool using a stand to control cutting depth. 
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3.9. Preparing samples for analysis 
Previous works have highlighted the need of careful, clean and repeatable processing of 
samples prior to surface analysis within fields not specific to lithium-ion [152]. 
The vast majority of post-mortem type research rinses electrodes with solvents prior to analysis 
[153-157]. The reason often given for doing this is to remove the salts and solvents present on 
the surface film that saturate analysis. The most commonly used solvent for electrode washing 
is dimethyl carbonate (DMC). Malmgren et al. rinsed graphite electrodes with DMC and found 
that reactivity when exposed to air increased if the electrode was rinsed; they conclude that 
rinsing likely removes the passivating film [18]. Whilst Orsini et al state that washing 
electrodes may remove surface film [158], no one has systematically studied its impact to 
determine if this is true. A study is required to systematically investigate whether washing 
impacts the negative electrode surface film. 
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3.10. Conclusion 
The initial aim of this work, proposed by JLR, was to determine how long a vehicle’s battery 
would last and create a mathematical model predicting this lifetime supported by real-world 
testing. The literature showed that most of the lifetime reducing factors caused the formation 
of a surface film at the negative electrode. The negative electrode surface film is comprised of 
inorganic, organic and polymeric species; It also contain salts and electrolyte solvents. Some 
of these products can also be found deposited within the electrolyte. XPS can be used to detect 
and study changes in the chemical composition of these products, except for oligomers. The 
oligomers can be detected and studied with HPLC. However, to validate any lifetime 
performance model based on this surface film would require improvements in the methods of 
collecting, processing and analysing these material changes. Therefore, the aim of this work 
has refocused on ensuring the validation data collected is representative by investigating the 
following areas that have been identified as problematic: 
1. A method of opening 18650-type cylindrical cells without affecting the surface film 
2. Understand the impact of rinsing electrodes on the surface film 
3. A process of studying the surface film composition separate from the electrolyte 
deposits 
4. A process is required to determine the thickness of the electrode surface film 
5. A process is required to stop LiPF6 from affecting the chemical composition of the 
surface film in preparation for HPLC analysis 
 
The reason for this shift away from the initial aim is because there would be no benefit in 
creating a technically complex model that is then populated with un-validated data.  
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4. Research methodology 
 
The aim of this work is to investigate how post-mortem analysis can be used to detect material 
changes in commercial lithium-ion cells after accelerated lifetime testing. This will validate 
whether post-mortem analysis can provide more information than electrical testing alone. This 
information is required to improve current accelerated testing profiles, mitigate future damage 
and improve knowledge on the causes of lifetime reduction within lithium-ion cells. 
Therefore, as explained throughout the review of the literature, the four main objectives of this 
work are now: 
1. Determine the conditions of use that impact cell lifetime and how that lifetime reduces 
with respect to cell capacity and resistance after an accelerated testing period 
2. Determine the post-mortem methods that allows connection between electrical 
performance data and material changes at the negative electrode 
3. Perform post-mortem analysis on the negative electrode surface film of cells at each of 
the lifetime affecting conditions to determine viability of the method and investigate 
the causes of lifetime reduction within lithium-ion cells 
4. Determine whether material changes to the surface film at the negative electrode can 
be correlated to the cells electrical performance  
Objective one is especially applicable to automotive use, and the utilisation of resistance and 
capacity is chosen because it impacts automotive performance, lifetime and heat generation. 
These are important metrics for any automotive application with respect to cell lifetime 
performance. 
Objective two is required because, as shown in the review of the literature, electrochemical 
models that are used in predicting the lifetime of lithium-ion cells are dependent on 
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assumptions made with respect to material changes. In many instances these assumptions 
remain unproven and therefore require further investigation. When such models are used to 
predict lifetime for automotive use, if the assumptions are incorrect then warranty and other 
costs could bankrupt even large automotive companies – because battery packs make up a 
considerable cost of electric-vehicles. 
Objective three ensures that robustness in the process of cell opening and mechanism validation 
is considered throughout the process. There would be no value in performing analysis if the 
analysis itself changes the chemical composition of the sample.  
Objective four is where the underlying science and materials analysis of the former objectives 
is applied to an automotive application. At this point it will be possible to determine whether 
the materials analysis has provided important information in elucidating internal chemical 
mechanisms responsible for performance decline and the point at which mitigation can be 
considered at a whole-vehicle level. 
The research will be split into four stages, one to address each objective. Objective one will be 
investigated by testing cells at seven different conditions of in-vehicle use for changes in 
capacity and resistance. 
Objective two will be investigated by resolving five problems identified from literature with 
the current process of post-mortem analysis, these five challenges are: 
1. A method of opening 18650-type cylindrical cells without affecting the surface film 
2. Understand the impact of rinsing electrodes on the negative electrode surface film 
3. A process for studying the surface film composition separate from the electrolyte 
deposits 
4. A process is required to determine the thickness of the electrode surface film 
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5. A process is required to stop LiPF6 from affecting the chemical composition of the 
surface film in preparation for HPLC analysis 
Objective three will be investigated by studying chemical changes in the surface film of cells 
that have undergone accelerated lifetime testing with XPS, IR, SEM and HPLC. 
Objective four will be investigated by comparison of the electrical data with the post-mortem 
results. 
Achieving these four objectives in this order comprises the methodology followed within this 
work. It will investigate how post-mortem analysis can be used to detect material changes in 
commercial lithium-ion cells after accelerated lifetime testing.  
To meet these four objectives, it is necessary to utilise facilities and expertise that are world-
leading in terms of both research output and scientific method. To do this in a short time a 
placement was organised at Argonne National Laboratory (ANL) based in the USA for 12 
months. This was based in the newly built post-test facility under the direction of world 
renowned scientist Ira Bloom. Many of the advancements made in understanding the process 
of post-mortem analysis were created by the author under the direction and guidance of Ira and 
his team. Argonne was chosen because it is the largest non-commercial research facility for 
post-mortem type work in the world with access to cutting-edge technology and multiple 
world-renowned faculty members. It was decided that such a placement would provide the 
most in terms of learning and progression for the project.     
Because of the placement and restrictions placed on this specific engineering doctorate, some 
of the choices with respect to cell selection, methodological choice (i.e. electrical 
characterisation) and the use of solvents was subject to decisions and protocols made at senior 
management levels. One example is the choice of cells that underwent fast charge at ANL, in 
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some cases a reason was not provided by the sponsoring company or ANL for such choices but 
each instance of this is highlighted in the text.   
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5. Electrical data 
 
This chapter aims to meet the requirements of objective one for this work. This is to determine 
the conditions of use that impact cell lifetime and how that lifetime reduces with respect to cell 
capacity and resistance after an accelerated testing period 
This chapter characterises the capacity and resistance of lithium-ion cells from seven different 
conditions, these are temperature, SoC, % ∆ SoC, current rate during charge, vibration, external 
pressure and orientation. Each of these are presented in individual chapters. This chapter’s 
work, within the context of the innovation report and portfolio, is outlined in Figure 11.  
 
 
Figure 11. Outline of the engineering doctorate portfolio, chapters within this innovation report are shown as 
numbers to the left of white topic boxes. The green coloured box refers to the section of the portfolio that this 
chapter relates to ‘Background’. 
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5.1. Cell selection and electrical performance bench-marking 
The cells used in this study are commercially available 18650-type cells; except for the ‘impact 
of external pressure’ study, which uses commercially available large format pouch cells. These 
details are shown in Table 2. All cells were purchased directly from the manufacturers. The 
cells from each manufacturer came from the same batch and all had approximately the same 
nominal voltage and general chemistry. However, the B cells used LiCoO2 as the positive 
electrode, this was based on other requirements at Argonne National Laboratory (ANL). 
Manufacturers B and C have a reduced capacity compared to A and D. Cell E has a capacity 
of 8.0Ah, this is because this is a larger format pouch cell, required to apply equal pressure 
across the cell surface.  
The choice to use ‘cell D’ for vibration was due to logistical requirements. The vibration tests 
were performed on two different types of cells to determine the impact of different accelerated 
vibration profiles (the other was A cells). Post-mortem analysis and electrical characterisation 
within the time frame required for this work meant that the A cells also being tested would not 
have completed in time to have post-mortem analysis performed and results written up.  
N.B. choice of which cells to buy sits within an entire stream of other work at both institutions 
and within Jaguar Land Rover; based on non-disclosure agreements, previous experience and 
relationship with suppliers. 
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Table 2. Material type, nominal capacity and voltage for cells used in these tests, NMC represents NixMnyCoz. The 
table is populated with information from cell supplier data sheets. 
Cell Positive 
electrode 
Negative 
electrode 
Nominal 
capacity 
Nominal 
voltage 
Misc. 
A NMC Graphite 3.1 3.7  
B LiCoO2 Graphite 1.8 3.6 High power 
C NMC Graphite 2.8 3.7 High power 
D NMC Graphite 3.2 3.7  
E NMC Graphite 8.0 3.7 (pouch) 
 
Electrical tests and the subsequent results obtained were requested and partly or substantially 
designed by the author but mainly performed by technicians at two different institutions. These 
were Argonne National Laboratory and WMG. Capacity was calculated with a 1C discharge 
current between 100% and 0% SoC. The voltage limits set for these SoC were according to 
manufacturer data sheets, and the total number of amps extracted during this discharge 
constituted the cell capacity. Resistance was calculated with a pulse power test at 50% SoC. 
This pulse power test constitutes a single discharge pulse that was 10 seconds long, at a rate 
equal to the maximum discharge pulse allowed by cell manufacturers (Imax / ∆I). The 
resistance was calculated by taking the change in voltage between the rest period prior to the 
discharge pulse and the voltage at the end of the 10s discharge pulse (∆V / ∆I), this means it 
comprises the ohmic, charge transfer and diffusion resistances. The data contained in this work 
is from raw cell data and the processing, investigation and conclusions reached are all by the 
author.   
All cell testing was performed on three duplicate cells for each condition. The total number of 
cells characterised in this work was 87, encompassing total electrical characterisation testing 
time of more than 900,000 hours. Considering this type of testing requires expensive equipment 
for long periods of time, this is a high population sample size. Many ageing tests are performed 
on a single cell or a small selection of cells [159]. Previous work has been performed on up to 
300 cells but this is exceptionally rare [61] and these did not include commercially available 
  
51 
 
cells. A conservative estimate of what this testing cost the institutions is £825,984 GBP, as 
shown in table 3, using a value of £0.81 for each cell per hour, which is the cost at WMG.  
 
Table 3. Table showing number of cells, manufacturers, time and cost to perform electrical testing of commercial 
lithium-ion cells, the location relates to the location of testing performed; being either Warwick University 
(WMG) or Argonne National Laboratory (ANL). 
Test condition Manufacturer Location Total cells Testing time (months) Total cost (£) 
Temp. / SoC A WMG 27 30 466,560 
Current rate B/C ANL 24 6 82,944 
% ∆ SoC C ANL 12 6 41,472 
Vibration D WMG 9 12 62,208 
Pressure E WMG 9 20 103,680 
Orientation A WMG 6 20 69,120 
 
Total   87 94 825,984 
 
All cells were tested on commercial grade cycling equipment. All tests were performed within 
temperature controlled chambers at 25oC. Except for the vibration tests, because the vibration table 
could not fit inside a temperature chamber. However, the room temperature (climate controlled to 
~20oC) was kept constant. This means that the cells undergoing vibration and the control cells were 
kept at the same temperature. The room temperature of ~20oC is consistent with conditions required by 
cell suppliers for cell storage and therefore because both the vibrated cells and control samples were at 
the same temperature the vibration test results should not be affected by not being in temperature 
controlled chambers. It is assumed that this difference in temperature will be identical for those 
cells being vibrated and the control samples that remained within the same room, but not 
vibrated, so should not introduce additional error. 
The error bars shown in the electrical data are calculated as one standard deviation (s.d.) from 
the mean based on the cell condition with the result population of a single condition as 
arguments. It is expected that 68% of the population falls within the standard error of the mean 
presented [160]. Where a data point has no error bar value, this is because the error is too small 
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and is consumed by the data point itself, is too large (this single instance is identified within 
the text) or it is not possible to calculate the error. In some cases, two-standard deviations in 
error for a single usage condition is greater than the difference between usage conditions. This 
is because, even though commercial lithium-ion cells were used in these tests, manufacturer 
tolerances mean that individual cells from an identical batch can have a range of resistances 
and capacities. Over a prolonged period of electrical testing these differences can cause 
significant deviations between otherwise identical usage conditions. This observation is 
consistent with electrical data from similar studies that contained a large number of cells [17].  
The study uses two different locations to perform the tests and this introduces potential error 
through equipment, machine and user variables. However, for all tests end of life electrical data 
was collected in the same location as initial testing. 
This section describes the results of the electrical testing and performance with respect to 
capacity and resistance changes. An in-depth discussion on what each of these results mean 
with respect both lifetime and material changes within the cell is discussed in their respective 
sections of chapter eight. 
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5.2. Temperature  
Three different temperatures (10oC, 25oC and 45oC) were investigated at three different SoC 
(80%, 50% and 20%) over two and a half years. The highest temperature is set at 45oC so that 
additional chemical mechanisms of oxidation at the cathode are not induced, as highlighted 
within the literature. The temperatures were ultimately chosen by JLR with the author’s 
guidance.  
Impact of storage temperature on cell capacity and resistance is shown in Figures 12 and 13 
respectively. In general, the best temperature for cells to be stored at to limit capacity loss is 
25oC followed by 10oC. Cells stored at 45oC had the highest capacity fade and resistance 
increase. The one exception was for 20% SoC where the worst condition was 10oC. The cell is 
ideally suited to being at 25oC to reduce capacity loss.  
The impact of temperature on cell resistance is linear at all SoC, with the exception of 80% 
SoC that had a slightly higher impact at the highest temperature. The cell resistance increased 
more than three-fold from the lowest temperature to the highest temperature at the highest SoC. 
These results are consistent with other publications that have recorded a similar level of 
degradation with temperature [91]. 
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Figure 12. Impact of temperature on cell capacity 
 
 
Figure 13. Impact of temperature on cell resistance 
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5.3. State of charge 
Three different states of charge (20%, 50% and 80%) were studied at three different 
temperatures (10oC, 25oC and 45oC). The SoC were used to represent the SoC window but 
were chosen by JLR. The impact of state of charge during storage on cell capacity and 
resistance is shown in Figures 14 and 15 respectively.  
With the exception of high temperature (45oC) the best SoC for both resistance and capacity is 
50%. At every temperature the highest SoC causes the greatest decline in both capacity and 
resistance. With the exception of the highest SoC / temperature combination, the impact of SoC 
on cell resistance is less than 3% in total. Coupling this information with that of temperature 
suggests that the majority of cell resistance increase comes from difference in temperature, 
however, at the highest temperature its impact is magnified by the SoC; this is not true for 
capacity. As SoC increases from 50% to 80% the capacity fade also increases. For capacity 
better cell lifetime is achieved at 50% SoC, with the exception of 45oC, which maintains an 
almost linear increase with SoC.   
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Figure 14. Impact of ‘State of charge’ on cell capacity at three different temperatures (45oC, 25oC and 10oC) 
 
 
Figure 15. Impact of State of charge on cell resistance at three different temperatures (45oC, 25oC and 10oC) 
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5.4. Increased current rate during charge 
Cells were cycled between 0 and 100% SoC at different C-rates. The impact of charge rate on 
capacity and resistance is shown in Figures 16 and 17 respectively.  
As C-rate during charge increases the rate of capacity fade also increases and follows a linear 
trend. The mean error is 0.9% of an average capacity fade of 10.1%, which is large, but it 
covers two different cell chemistries. Suggesting that the trend noted is representative of 
commercial cells generally. Lower -rates of charge are better for cell lifetime, this conclusion 
is consistent with literature and current practice of charging at C-rates of less than one [161]. 
 
Figure 16. Impact of charging rate on cell capacity, a linear trend line has been applied to the data points with an 
R2 value of 99.6% 
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Figure 17. Impact of charging rate on cell resistance 
 
 
Resistance does not follow the same trend as capacity. There is an initial resistance increase 
from 0-2C, which appears linear. A plateau from 2-4C, and then a sharp increase from 4-6C. 
This trend suggests that at least two competing mechanisms are occurring; one from 0-2C and 
one from 4-6C, however from electrical data alone this is not conclusive.  
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5.5. Percentage change in State of charge 
Using the USABC testing profile, originally generated for testing Ni-MH chemistries, for 
comparison of a percentage change in state of charge, cells were charged from 0 to 40% SoC 
at C/3 and then between 40 and 80% SoC at different fast-charge rates, and then from 80-100% 
SoC at C/3. Cells were then discharged at C/3 to 2.5V at which point the cycle began again. 
These results were then compared to the cells cycled between 0 and 100% SoC at different C-
rates from the previous section. The impact of percentage change in SoC on cell capacity and 
resistance is shown in Figures 18 and 19 respectively. More information on the charge cycle 
used and further interpretation of this data is also included in the work of Prezas et al. [162]. 
An increase in the % ∆ SoC increases the capacity fade from just over 1% when cycled between 
40 and 80% SoC to almost 13% at 100% SoC. Lower C-rates of charge are better for cell 
lifetime irrespective of the % ∆ SoC. This conclusion is consistent with literature and current 
practice of charging at faster rates within less of the cell voltage window [161].  
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Figure 18. Impact of ‘percentage change in state of charge’ on cell capacity 
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Figure 19. Impact of ‘percentage change in state of charge’ on cell resistance 
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5.6. Vibration 
Cells were subjected to vibration (10 year accelerated profile) and non-vibration protocols to 
measure its impact over a prolonged period of time. The impact of vibration on cell capacity 
and resistance is summarised in Figure 20. Although the purpose of this work is not to explain 
why specific vibration profiles were used a brief overview is provided below for completeness.  
A single axis electromagnetic shaker table was used to vibrate cells across three axes (x, y and 
z), the principal direction of vibration was differentiated by mounting the cells in different 
positions on the same table. The cells were mounted on aluminium blocks to limit undesirable 
fixture resonances caused by low specific stiffness. The actual vibration profile was the 
international standard test SAE J2380, which represents 100,000 miles driven across North 
America. The choice of vibration profile and test setup is explained further in the work of 
Hooper et al. [57]. 
Exposing a cell to vibration almost doubles the mean capacity loss, however, the error is large, 
s.d. 2.1% (not included on the graph because it is greater than the total axes length). This 
variation in capacity is well within the expected error of cells that have only been stored. 
Therefore, vibration has no impact on the capacity of lithium-ion cells.  
This is not the case for the change in resistance. The resistance increased, and is more than 27 
times higher after being vibrated when compared to the non-vibrated (control) cells. This shows 
that vibration does have an impact on resistance of the cells. 
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Figure 20. Impact of vibration on cell resistance and capacity 
5.7. Pressure  
Cells were stored for 633 days at a continuous pressure of either 0, 15 or 30 psi. The study was 
comprised of nine cells with three cells for each pressure. The impact of pressure on cell 
capacity and resistance is shown in Figure 21.  
The capacity fade of cells increased from 2.4 % at 0 psi to 5.1% at 30 psi. This equates to a 
difference in capacity of 2.7%. With the error comparatively low for these samples it shows 
there may be a correlation between capacity and the pressure that is applied during storage. 
However, compared to the error inherent within the dataset, this error is still fairly low and 
would not be likely to contribute much to overall cell degradation. Therefore, pressure has no 
impact on capacity or resistance of lithium-ion cells.   
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Figure 21. Impact of pressure on cell resistance and capacity 
5.8. Orientation 
Cells were stored for 633 days in a continuous orientation of either laying horizontally, being 
suspended with top cap facing downward (inverted) or with the top cap facing upward. The 
impact of orientation on cell capacity and resistance of cylindrical cells is shown in Figure 22.  
The resistance increase of the cells varied from 1.8% whilst inverted to 3.3% whilst horizontal. 
However, the tests were conducted over a period of 20 months and this resistance increase over 
that period is negligible, compared to temperature tests and has comparable values with other 
cells. Therefore, orientation had no effect on either capacity or resistance and the slight 
downward trend in resistance is a consequence of natural variation. This work is consistent 
with the statement by Yardney© that orientation has no impact [163]. 
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Figure 22. Impact of orientation on cell resistance and capacity 
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5.9. Discussion and conclusions 
A study was undertaken including multiple institutions over years, culminating in thousands of 
testing hours. The electrical performance of each of the causes that impact lifetime was studied 
individually. 
Table 4 shows the range in both capacity and resistance values for all the tested conditions. It 
shows that the upper limit in the range of both external cell pressure and orientation were 
consistently within the lower bracket of percentage from other causes. For example, the highest 
capacity and resistance values for orientation and pressure are within the error range of the 
larger temperature / SoC dataset for the time period. Therefore, neither external pressure nor 
orientation impacts the lifetime of lithium-ion cells because the degradation that did occur is 
within the expected values of cells stored for that same time and temperature.  
This work shows that capacity is only impacted for changes in temperature, current rate and 
SoC. Vibration and % ∆ SoC had no impact on capacity fade within the cells. The resistance 
of lithium-ion cells is affected by temperature, SoC, current rate, vibration and % ∆ SoC. The 
condition that had the highest impact on the resistance was increased charge rates, temperature 
and then SoC. The smaller % ∆ SoC condition was subjected to additional energy throughput in 
accordance with the USABC testing requirements, this may have added additional damage to the cells, 
but this was not obvious from the electrical data alone. 
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Table 4. Percentage changes in capacity and resistance for cells cycled under different conditions, colour indicates 
those values that are too low to relate to ageing (red) and high enough to suggest changes in cell conditions are 
responsible (green) values. 
Cause Capacity range (%) Resistance range (%) 
Temp. SoC 7-10 10-45 
Current rate 7-13 20-180 
% ∆ SoC 0.2-1.2 5-45 
Vibration 2.2-3.6 3-73 
Orientation 2-5 2-2 
Pressure 2.1-2.1 1.7-3.3 
 
Electrical data collected on each of these seven usage conditions shows that the only causes of 
concern are temperature, SoC, % ∆ SoC, current rate and vibration; it excludes the cases of cell 
orientation and external pressure (Chapter three). Although SoC, current rate, temperature and 
% ∆ SoC were known as lifetime affecting factors, vibration was unknown; its impact on cell 
performance was dominated by a resistance increase.  
The purpose of this testing regime was to isolate, as much as possible, each testing condition 
from the other causes of cell degradation. For this reason, the cells that underwent vibration, 
orientation, pressure, temperature and state of charge were not subjected to any charging or 
discharging. In contrast, the current rate and % ∆ SoC were subjected to cycling conditions. In 
each instance, the additional conditions they were subjected to normalised as many of the other 
causal behaviours as possible, for example temperature was maintained at 25oC, there was no 
vibration or imposed pressure.  
The test method also accounted for in-use vehicle conditions. In the case of temperature and 
state of charge the test method utilised a matrix of conditions, to account for 10oC through to 
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45oC and 20-80% SoC which are the conditions a traditional vehicle would experience during 
its lifetime. As mentioned previously, the vibration testing was designed as representative of 
an entire vehicle’s vibration loading profile. This was also true for the selection of pressures 
and current rates. 
The limitations within this dataset of electrical characterisation assumes that the electrical 
testing has been performed correctly and is comparable between institutions. No analysis has 
been performed within this work to ensure that the electrical testing was performed correctly. 
The potential implications of this assumption are shown by Barai [164] who states that the cell 
capacity measured can vary by as much as 5% just dependent on the length of the intermediary 
rest period between testing cycles. A variation of this much would call into question the entire 
capacity fade difference for temperature, SoC and current rate. However, the electrical data in 
this work is in general agreement with established trends within the literature for temperature 
and SoC [165], current rate [166] and % ∆ SoC [91]. Therefore, it is reasonable to assume that 
the electrical values attributed to ageing are accurate and that the new values obtained for 
vibration, orientation and external pressure are also.  
What this work did not do is perform further analysis with electrical impedance spectroscopy 
(EIS) and other non-destructive electrical techniques. Its absence is best explained by the work 
of Barai who shows that the time (up to 4 hours) between the removal of the electrical load and 
the impedance measurement impacts the results obtained [167]. Orazem and Tribollet also 
show that EIS is very sensitive and adjusting equipment, as well as model parameters and a 
myriad of other equipment components can significantly impact the results obtained [168]. 
Ultimately, EIS is a useful technique, as shown by numerous examples who performed analysis 
with EIS on temperature aged cells [165], to study lithium plating [169] and other ageing 
related phenomena [170]. However, equally, EIS analysis is difficult and the results obtained 
  
69 
 
are open to significant interpretation. There are many instances where previous interpretations 
have been proven incorrect [171], including within the battery community [172]. Therefore, 
due to these potential pit falls EIS results have not been included or studied within this work. 
  
70 
 
6. Preparation for post-mortem analysis  
 
This chapter addresses objective two, which is: 
Determine the post-mortem methods that allows connection between electrical performance 
data and material changes at the negative electrode. In order to partially achieve the second 
objective of this work two challenges need to be overcome, these are: 
1. A method of opening 18650-type cylindrical cells without affecting the surface film 
2. Understand the impact of rinsing electrodes on the surface film 
This chapter addresses these two challenges by introducing a new method for opening 18650-
type cells and contains a study on the impact of rinsing electrodes on the surface film. This 
chapter’s position within this document as well as the wider portfolio is shown in Figure 23. 
 
Figure 23. Outline of the engineering doctorate portfolio, chapters within this innovation report are shown as 
numbers to the left of white topic boxes. Red boxes labelled S1-5 represent the five portfolio submissions, the 
black PW boxes represent published work. 
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6.1. Cell opening 
Figure 24 contains a chronological account of a new method to open 18650 cylindrical cells. It 
is different from the normal method in two ways. Firstly, it does not use a Dremel©, hacksaw 
or file to cut into the can but rather a pipe cutting tool; this eliminates the production of soot, 
steel and metal particles. Secondly, the can is not cut but rather peeled apart, like an orange, 
using pliers. This means that at no point does a cutting tool have to meet the active material 
jelly roll. The method used is: 
1. The top of the 18650 cell was cut off with a pipe cutting tool (Figure 24, 1) above the 
electrode but below the top cap. 
2. The top cap was removed (Figure 24, 2) by pulling directly away from the body of the 
can, while holding the cap with pliers.  
3. The top crimped edge was peeled out and straightened. This causes the steel can to tear 
into small parts (Figure 24, 3). 
4. The outer metal can was peeled apart in thin strips (Figure 24, 4 and 5).   
5. The negative electrode tab welded to the bottom of the can was then separated from the 
outer steel casing completely by cutting the tab with ceramic scissors (Figure 24, 6). 
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Figure 24. Eight images chronologically mapping the opening of an 18650 cylindrical cell to remove the inner 
electrode roll 
 
As shown in pictures 7 and 8 of Figure 24 the inner jelly roll was completely removed intact 
without the creation of dust or small metal particles. A total of 63 cells have been opened over 
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a period of two and a half years using this method, only one was short circuited (contact of 
pipe cutter with tab connecting the top cap) and created sparks. This can be avoided by placing 
insulating tape on the nose of the pliers. None of the cells opened with this method created any 
visible dust or other particulates.  
Micrographs were collected and energy dispersive x-ray (EDAX) was performed on electrodes 
opened with and without the new method. Figure 25 contains these micrographs. Image a, 
which was opened with a Dremel© multi-saw. It has small white speckles that covered much 
of the electrode around the top and bottom of the jelly roll. Image b is from a cell opened with 
the new method and contains no white speckles and graphite particles appear more pristine. 
EDAX analysis shows that the white speckles contain high concentrations of carbon (45%) and 
oxygen (28%). EDAX also detected small concentrations (< 3%) of copper, manganese and 
iron that were only present in the cell opened with a Dremel© multi-saw. 
 
 
 
Figure 25. Micrographs of negative electrodes cut from the outside nearest the 18650-type cell can 
wall. Image a was opened with a dremel multi-saw whilst b was opened using the new method 
outlined in Figure 24. 
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6.1.1. Discussion 
This work presents a solution to the problem of using rotating disc saws to open 18650-type 
cells through the use of a pipe-cutter and pliers. A study that shows the potentially negative 
impact of the rotating disc saw method is the work of Barrett et al. [173]. Their study 
investigated the presence of heavy metals for 50 non-rechargeable AA-type commercial cells. 
They opened each of the cells with a Dremel© tool and determined the concentration of various 
heavy metals present. They found vanadium, chromium, nickel, copper and a multitude of 
others. Some of them were at concentrations of less than one part per million (ppm). The 
problem is that many of these metals, such as vanadium [174], and nickel [175] are added to 
iron to improve the properties of steel. It is possible that when the steel outer casing of the AA-
type can was cut, some of the steel found its way onto the samples and contaminated them – 
which contributed to their presence being detected. What is not known is the impact of such 
contamination on sensitive organic surface films in lithium-ion cells – in addition to the 
detection of their presence. Also, when the metal is cut the wheel and subsequent contaminating 
particles reach a temperature of at least a couple of hundred degrees Celsius [176]. It is well 
established that temperature changes the chemical composition of these surface films, and 
therefore, if surface film is analysed on an area where these particles have touched then they 
will not represent the in-use condition of the surface film. Therefore the new method presented 
in this work should be used instead. 
 
6.1.2. Conclusion 
The new method for opening 18650-type cells circumvents the problems associated with other 
methods of soot creation, short circuits and damage to the jelly roll. It makes it possible to trust 
the post-mortem results as indicative of the cells in-service conditions and circumvents a 
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significant source of error from surface film damage during cell opening. Further, it calls into 
question the results of any study that has opened cylindrical or other format cells with a 
Dremel© cutting tool and then makes conclusions based on analysis of the surface film’s 
chemical composition. Due to the results of this work, this is now the only method used to open 
cylindrical cells for post-mortem analysis at Jaguar Land Rover, Argonne National Laboratory 
and WMG. It is proposed that all cylindrical cells be opened with this new method.   
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6.2. Sample preparation 
This work investigates the impact of washing on electrode surface film. A foundational 
principle of this study was the use of real-world electrode materials (commercial cells) that had 
a known surface film composition. To do this the study uses vinylene carbonate (VC), which 
is known to preferentially react at the negative electrode surface and change the chemical 
composition of the surface film [177]. This study was performed using commercial 300 mAh, 
LiCoO2/graphite pouch cells manufactured by Li-fun Technologies in China and shipped dry, 
with no electrolyte. Cells were then opened and electrolyte added, after which formation cycles 
were completed. The cells were manufactured with varying quantities of VC, these quantities 
were 0, 1, 2, 4 and 6 vol.% added to the electrolyte. After formation and preliminary cycles at 
rates of C/10 the cells were taken apart for post-mortem analysis. Electrode samples were cut 
from the same piece of electrode for each cell and then placed on sample evaporation dishes. 
Half were then bathed with 1.5 ml of DMC for one minute, and then left to dry for two minutes. 
The other half of the samples were not washed with DMC and remained in the evaporation 
dishes. 
6.2.1. Results and discussion 
Figure 26 contains micrographs of the negative electrode surface at each concentration of VC 
with and without washing. The micrographs presented are representative of the entire electrode 
surface. There are three distinct surface film environments present in the unwashed cells, these 
are those at 0 and 1% which appears like intertwined spider webs. A different film with a 
smoother appearance at 4-6% and the visual absence of a surface film at 2%. There is a film 
present, it just is not visible in this sample, because a surface film always forms at the electrode 
surface [93].  
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Figure 26. Micrographs of negative electrodes from cells containing varying concentrations (0-6 vol. %) of 
vinylene carbonate added to the electrolyte. Different arrows represent different appearances in the surface film 
of unwashed samples 
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The washed electrodes appear visually different to the unwashed electrodes. The spider web 
film at 0 and 1% has been completely changed by washing with the majority no longer present 
and graphite particles visible underneath. The film with a smooth appearance at 4 and 6% is 
also gone. The washed electrodes appear visually similar to normal graphite (2% washed and 
unwashed). If washing only removed salt and solvent then the film, which is visually different 
(and thus cannot be salt or solvent because this is identical) in different cells would not be 
affected. 
The electrodes were also tested with IR. IR is used for the determination of organic (containing 
carbon) functional groups. It has two main regions; these are above 1500 cm-1 for vibrational 
frequencies indicative of chemical functional groups. And, below 1500 cm-1 which is indicative 
of a region called the fingerprint region. Although stretches in the fingerprint region are caused 
by specific functional groups the actual wavelength is significantly shifted by the environment 
and therefore is often only used as a ‘fingerprint’ to determine if two samples are identical. If 
the peak wavelengths and breadth are identical it is almost certain that the two compounds are 
the same [178].  
N.B. more information on the theory and application of IR is available in Chapter Two, Section 
Five of Submission Three within this portfolio.   
Figure 27 is an infra-red spectra of graphite across five concentrations of VC additive for both 
washed and unwashed electrodes. The first thing to note is that the unwashed electrodes have 
multiple troughs (stretches) whereas the corresponding washed electrodes do not. Washing has 
removed something from the surface of the electrode. However, the argument for using 
washing is to remove electrolyte salts, solvent and deposits. Therefore, the next step is to 
determine if this is what contributes to these stretches in the IR spectra. 
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The salt in these cells is LiPF6, the P-F normally resonates within the fingerprint region at 
approximately 740 cm-1 [179]. Because this is not a pure sample it is not possible to definitively 
identify it because its wavelength will be shifted. However, there is an absorbance at 750cm-1 
and therefore know it is present before washing and is possibly present, but reduced in intensity, 
after. 
The high boiling point organic solvent (EC) has C-H and C=O functional groups which peak 
at around 2950-2990 cm-1 and 1750-1780 cm-1 respectively [178]. The solvent is only present 
if both of these two troughs are there. There is a triplet of troughs at 2970 cm-1 (C-H), but it is 
only present for the unwashed 0% VC electrode. The larger peak, present at all concentrations 
of the unwashed electrodes, occurs at 1770 cm-1 (C=O). The electrode from the cell containing 
0% VC has the largest intensity for this peak and it reduces until 2% at which point it plateaus 
until 6%. Whilst the fingerprint region is similar across all concentrations, it is not identical, 
Figure 27. ATR-FTIR spectra of graphite electrodes with varying volume percentages of vinylene carbonate (VC) 
additive. The unwashed and washed IR spectra are shown in a and b, respectively. 
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and therefore this is represented as a single entity and is not used for identification. The 
intensity of stretches within this finger print region reduces as VC percentage increases. For 
the washed electrodes there are no discernible troughs for any concentration except 0% and 
even this is significantly reduced and broadened. Reduced intensity is caused by reduction in 
detected material whereas broadening suggests diversification in the energy of ground 
electronic states (changes in environment for the same functional group). Because Figure 27 
does not have troughs at 2950-2990 cm-1 and 1750-1780 cm-1 it means that EC is not present 
at detectable concentrations of 1% VC and greater but may be present at 0% VC. This means 
that washing is not required to remove EC for the 1-6% sample.  
It is possible to verify the presence of EC in the 0% VC sample by comparing the IR spectra 
of the 0% VC sample and pure EC (Figure 28). The two spectra look similar although not 
identical, EC could be present in the 0% VC sample but it is not the only chemical present, 
because there are absorbance present in the 0% VC sample (e.g. doublet of troughs at ~1300cm-
1) that are not present in the EC. This doublet of troughs is also removed by washing (Figure 
28).  
In summary, EC is definitely not present for the 1-6% VC cells and may be present for the 0% 
VC, but it is not the only chemical environment present. Chemical changes have occurred due 
to washing and this change is more than just removal of electrolyte salt and solvent. 
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Figure 28. ATR-FTIR spectra of ethylene carbonate (EC) and a graphite electrode sample from a lithium-ion cell 
with no vinylene carbonate (VC) added to the electrolyte. 
 
 
The conclusion that EC is not present in the unwashed samples is surprising because it was 
added to the cell and has not been knowingly removed prior to washing. Its absence can be 
explained by its vaporisation point dependence on pressure. Figure 29 contains a plot of data 
points from Chernyak et al. research on the vaporisation point of high boiling point solvents 
[180]. It shows that the effective vaporisation point of EC reduces with pressure. Using a 
logarithmic plot (R2 > 99%) of the data equation (9) was obtained. Inserting two pressures, 
atmosphere (100kPa) to test the validity of the equation and a vacuum system (1.3x10-6 kPa) it 
is possible to obtain (10) and (11) respectively. An XPS system is closer to (12) (1.3x10-8 kPa).  
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Figure 29. Plot of temperature (T) vs pressure (P) for ethylene carbonate vaporisation, data taken from Chernyak 
et al. work. 
 
 
Using (9), the boiling point of EC at ambient pressure would be 244.7oC; lower than the actual 
boiling point by 6%. The theoretical vaporisation point of ethylene carbonate under vacuum 
very quickly reduces (11), at XPS pressures it falls even further (12). Therefore, the pressures 
a typical sample sees for SEM or XPS analysis are orders of magnitude lower than required to 
completely vaporise EC from the sample surface. At the pressure and exposure time expected 
for XPS or SEM analysis; washing of electrodes to remove electrolyte solvents is unnecessary 
because the solvent will evaporate without it. To validate this conclusion, EC was ground with 
a pestle and mortar into a fine powder and placed it into a vacuum, after 30 minutes at 1x10-4 
kPa it was no longer visible. This means that whatever is removed by washing (difference 
between a and b in Figure 27) is either surface film or surface film creation deposits. 
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Temperature  = 34.481 x ln(Pressure) + 85.86     (9) 
244.7   = 34.481 x ln(100) + 85.86      (10) 
-381.5   = 34.481 x ln(1.3x10-6) + 85.86     (11) 
-540.3   = 34.481 x ln(1.3x10-8) + 85.86     (12) 
 
Although IR refutes the idea that washing is required to remove EC, and that it may reduce the 
quantity of salt, it does not address what is being removed, as shown in the micrographs (Figure 
26). 
To do this XPS analysis of washed and unwashed electrodes before and after sputtering was 
performed. Figure 30 shows the F 1s spectra obtained. F 1s was chosen because it represents 
the salt components and its absence or presence will indicate the effect of washing at removing 
salt. The other spectra are available in the published work of Somerville et al. [134]. There was 
one chemical environment which was present for both washed and unwashed electrodes; this 
was found at ~685 eV. For the washed electrodes this single peak was present both before and 
after sputtering and remains at the same binding energy with the same peak width. For the 
unwashed electrode there were two additional F chemical environments present, they were 
found at ~686 and 688 eV respectively. Prior to sputtering, the peak at 685 eV was most 
dominant, after sputtering the peak at 686 eV increased and the 685 eV peak decreased. The 
peak at 688 eV remained constant before and after sputtering.   
According to the work of Ensling et al. [130] LiPF6 salt in lithium-ion cells exhibits at two F 
1s binding energies, LiPF6 at 688 eV and LixPFy at 687-688 eV. The surface film component 
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LiF at 685.5 eV. From these results Figure 30 shows that the unwashed electrode contains all 
three F environments. Once the bulk of the electrode material is reached by sputtering, the 
concentration of the LixPFy component decreases and the LiF component increases. This occurs 
because the salt, which was suspended in the electrolyte before evaporation, deposits onto the 
surface and covers the surface film at its highest concentrations. When the sample is sputtered 
the deposited salt is removed and the bulk of the electrode is reached, this bulk contains a more 
representative mix of salt to electrolyte, as expected for the in-use cell conditions, and the 
percentage of surface film (measured as LiF) increases.   
On the other hand, the washed sample, both before and after sputtering, contains no LiPF6 
component or LiF component and only LixPFy. Tasaki et al. [181] performed a study on the 
solubility of salts found in typical surface films. In their work, graphite electrodes were soaked 
in DMC for upwards of an hour. They found that LiF salts were removed almost entirely from 
the electrode. The results presented here support this study but show that after washing for only 
two minutes DMC completely solvated at least LiF from the electrode.  
The purpose of electrode washing, as cited within literature, is to remove the electrolyte 
solvents and salt [182]. This work discovered that washing was directly impacting the electrode 
surface film by removing some components and altering others. It also shows that it is not 
necessary to wash to remove the higher boiling point solvents, because these can be removed 
by exposure to low pressures.  However, following on from the basic assumption of post-
mortem analysis that the material being analysed is the same during post-mortem analysis as it 
is within the cell, washing cannot fulfil this requirement and therefore should not be used when 
analysis of the surface film is to be performed.  
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Figure 30. XPS of binding energy for F1s core electrons of both washed (with DMC) and unwashed samples. 0 
min represents un-sputtered electrodes whereas 1 min represents the sample after sputtering with Ar+ Ions for one 
minute. 
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6.3. Conclusions 
There is no advantage to be gained in performing complicated, expensive, time consuming and 
delicate analysis of lithium-ion electrode surface films to study ageing mechanisms if the films, 
as studied, are significantly altered from their original nature during sample preparation. A 
study into how the processes may impact electrode surface films for each case is critical. 
In general, opening pouch cells and gaining access to electrodes is simple and universally 
adhered to. Cylindrical cells are much more difficult and current practices using rotating saws 
creates dust, causes short circuits and contaminates the electrode surface. A new method that 
circumvents all of these problems was created. This allows electrodes to be extracted from 
cylindrical cells more easily and keeping the jelly roll intact. 
Once electrodes are removed from the cell outer casing they are routinely washed to remove 
salt and solvent components. This process removes surface film, and especially impacted LiF 
concentration by solvation from throughout the electrode medium. The impact of this on results 
is that any subsequent analysis is tainted by preferential solvation. Or, more plainly, washing 
removes the compounds of interest.  
It is suggested that cells should not be opened with rotating disc saws, but with the new method 
instead. And electrode samples should not be washed if study of the surface film is to be 
performed.  
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7. Analysis of surface film 
 
The purpose of this chapter is to address challenges 3-5 in meeting objective two. These 
challenges are: 
3. A process of studying the surface film composition separate from the electrolyte 
deposits 
4. A process is required to determine the thickness of the electrode surface film 
5. A process is required to stop LiPF6 from affecting the chemical composition of the 
surface film in preparation for HPLC analysis 
 Its position within this document and the doctorate portfolio is shown in Figure 31. 
 
Figure 31. Outline of the engineering doctorate portfolio, chapters within this innovation report are shown as 
numbers to the left of white topic boxes. Red boxes labelled S1-5 represent the five portfolio submissions, the 
black PW boxes represent published work. 
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7.1. XPS analysis for differentiating between surface film and electrolyte 
deposits and for measuring surface film thickness 
This section introduces the hypothesis for a novel method of determining surface film thickness 
and investigating the surface film separate from the electrolyte deposits with XPS. The 
application of this method is shown in chapter eight of this document. 
N.B. This hypothesis relies on an understanding of fundamental XPS theory which is included 
in Chapters 1-5 of Submission Five within this portfolio. 
 
7.1.1. Hypotheses 
Figure 32 is a graphical representation of the electrode surface after it has been sputtered. It 
shows that in order to differentiate between the sample and the electrolyte deposits – which 
were on top - it is possible to sputter the sample instead of washing it. This means that the 
sample can be investigated with XPS before sputtering (with higher concentrations of deposits) 
and after sputtering to differentiate between electrolyte deposits (before sputtering – on top) 
and surface film (after sputtering - underneath). This suggests a method of how to differentiate 
between surface film and electrolyte deposits without washing electrodes. 
Figure 32 also identifies that surface film does not form on ‘electrodes’ but rather on individual 
particles. It shows the impact that sputtering has in changing the chemical species identifiable 
with XPS (inset a) and to the material composition itself (inset b). The particles underneath the 
white box show how the surface deposits can be removed to reveal a lower concentration of 
these constituents without removing surface film completely. The significance of this is that 
surface film surrounds the individual particles. When sputtering occurs, it will sputter the 
different chemicals present at different rates. At some point, the rate of sputtering will reach a 
steady state, a point of equilibrium, where the quantity of material sputtered is equivalent for 
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all chemicals. This is because the materials with the lowest sputter yield will shield the particles 
with the highest sputter yield. Once this steady-state is reached it is then theoretically possible 
to detect variances within the surface film thickness by equating the concentration of surface 
film of cell a to b by the concentration of non-graphite carbon compared to graphite carbon. If 
the surface film of one electrode is thicker than another, then the concentration of the non-
graphite carbon will increase. 
 
 
7.1.2. Discussion 
The ability to determine the surface film thickness using XPS analysis is attractive. Not only 
is XPS extremely useful for studying the surface films chemical composition, its use for 
thickness calculations would reduce the total number of analytical techniques required. 
However, the method currently employed within literature uses a sputter-depth profile method 
which is not suitable for lithium-ion negative electrode surface film analysis [139]. This calls 
Figure 32. Impact of sputtering on a negative graphite electrode from a lithium-ion cell. The un-sputtered electrode 
is shown to the far right of the main image, whilst the impact of sputtering is represented by the removal of the 
surface solvents, salts and surface film. The impact of sputtering is shown at a material level by the XPS spectra- 
inset a, and the micrograph-inset b.  
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into question the results obtained. The method proposed within this work is able to overcome 
this problem by sputtering to a steady-state and then comparing the percentage of graphite 
environments to non-graphite. 
However, the new method presented here is dependent on a number of factors:  
First, that chemical variances throughout the electrode surface film should be normalised over 
the entire surface if the beam size encompasses sufficient particles. If it does not, then analysis 
of non-homogeneously oriented surfaces would be sporadic and different dependent on the 
location of the beam.  
Second, that the comparable values are independent of the absolute counts recorded by the XPS 
detector but that percentage changes are comparable. In addition, it requires that any difference 
in percentage changes are greater than the error of the experiment, analysis and data processing.  
Third, it assumes that the concentration of salts and deposits are less within the bulk of the 
material when a steady-state is reached than on the very surface. If this was not the case then 
changes in surface film would be saturated by the presence of these other species and detection 
would not be possible. This is a reasonable assumption because electrolyte is equally 
distributed throughout the available volume of electrolyte solvent. This is because after cell 
opening and solvent evaporation, the quantity of salt on the surface is higher because the 
volume of solvent is greater due to the volume of electrolyte between electrodes. This is 
reasonable because the difference in length between the electrodes is measured in microns 
whereas the XPS analysis depth is only a few nm thick. 
Fourth, that irrespective of the chemical nature of the surface film, if non-graphitic bonds 
change relative to graphite bonds (C-C) the quantity of surface film must have increased. This 
assumption is reasonable because irrespective of the chemical structure being created (Figure 
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8) all of the surface film products contain a higher relative percentage of non-graphite bonds 
than graphite does. Therefore, if the chemical structure of the surface film on two samples is 
similar and, for example, the number of C-O components increases as a percentage of C-C 
component then the total quantity of surface film must have increased. However, it does not 
account for differences in chemical species present. A 50 and a 100 Da polymer with the same 
chemical functional group but a different number of C-C components would contribute the 
same number of non C-C components but different graphite components. This is why chemical 
changes in the surface film cannot be different to accurately determine surface film thickness 
with this method. 
It should be noted that electrode surfaces before and after sputtering are inhomogeneous, 
stochastically ordered complex mixtures of unknown precise composition. Sputtering can 
move, rearrange and bury surface film components in such materials. By ensuring that the XPS 
detection area is large (100 µm diameter) it should be a representative cross section of the 
electrode surface, and militate against pockets or isolated regions causing bias in the results. 
To ensure that the samples collected are representative samples can be sputtered for 30 seconds 
interleaved with XPS analysis. This should continue until the spectra does not change between 
sputtering. As suggested by Steinberger et al. [183] the method also utilises low Ar+ ion energy 
to reduce damage to the sample.  
N.B. Assumptions one and two are tested within Submission Five of this portfolio and the 
results showed good agreement with the proposed method. Use of the method of electrode 
sputtering to support the fourth assumption has been applied to surface films that are 
chemically similar and these results are included in chapter eight of this document. 
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7.1.3. Conclusion 
A hypothesis is presented that uses XPS to sputter to a steady-state within the active material 
and then study changes in the total percentage concentration of graphite components to non-
graphite components, dependent on cell use. This would allow the relative thickness of surface 
films to be compared for samples that are of similar chemical structure. It also allows 
differentiation between surface film and electrolyte deposits. This theory is based on a number 
of assumptions that have been tested to verify their accuracy, these tests are included in 
Submission Five of this portfolio and validated for application in commercial cells in chapter 
eight of this document.  
 
  
  
93 
 
7.2. Selectively removing LiPF6 from surface film samples 
This section introduces a method of removing LiPF6 salt from liquid electrode samples that 
have been collected by rinsing electrodes with solvent. The ultimate aim of the process is to 
prepare samples for analysis with HPLC and overcome the fifth problem highlighted from the 
literature which was: 
A process is required to stop LiPF6 from affecting the chemical composition of the surface film 
in preparation for HPLC analysis 
N.B. Further information on the method of selectively removing LiPF6 from liquid samples is 
provided in Submission Four of this portfolio.  
 
7.2.1. New method 
The method (illustrated in Figure 33) has been devised to passivate and subsequently remove 
LiPF6 salt is: 
1. An electrode of known area (12cm2) and active material loading was rinsed with 20mL 
of dimethyl carbonate (DMC). CaCO3 was added to the sample at a ratio of, at least, 
0.0015g of CaCo3 to every 12 cm
2 of electrode material. 
2. This wash was then removed from the glove box, mixed with H2O vigorously and then 
placed into a desiccator overnight to evaporate.  
3. After evaporation, the residue was mixed with 20 ml each of first DCM (organic phase) 
and then water (aqueous phase).  This was then mixed vigorously in a sealed round 
bottom flask.  
4. The organic phase (at the bottom) was then extracted using a new long nose glass 
pipette and was then filtered through two sheets of filter paper (Herzberg speed of 2.3 
min/ml-1) which had just been soaked in DCM. 
5. Depending on the HPLC system to be utilised the sample can then be directly injected 
for analysis or placed into the desiccator and re-solvated with another suitable solvent. 
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7.2.2. Method verification 
The viability of this method was tested using ion chromatography (IC). IC works by separating 
molecules dependent on their interaction with the stationary phase. More in-depth information 
on the technique can be found here [184].  However, for this work it is sufficient to report that 
it is able to detect the concentration of specific chemical elements. For this study the quantity 
of fluorine was calibrated to the system, this is done by creating standards of known 
concentrations of fluorine and comparing the sample with these standards. This was done with 
fluoride ion standards of 0.01, 0.05, 0.1, 0.5 and 1 mg.l-1 solutions on an ICS 2500 ion 
chromatograph. This sample was then compared to purified and distilled tap water. 
The Dionex software used only exported to PDF but screen prints of these are presented in 
Figure 34. It shows that the distilled and purified water contained 0.68 mg.l-1 of fluoride ions. 
Whereas, the fluoride ions present in an electrode washed sample after using this new method 
was only 0.06 mg.l-1. This is a difference of more than ten times less fluoride in the electrode 
washing sample than in purified water.  
Figure 33. Illustration of the method to passivate LiPF6 and selectively remove sample species prior to analysis with GC-
MS and HPLC 
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7.2.3. Discussion and conclusions 
Using the method provided above the total quantity of F- ions in the electrode washing sample 
was reduced to below distilled water levels. Because the sample was exposed to excess 
quantities of water the very small quantities of F- ions present do not originate from either HF, 
or LiPF6.  
Previous to this work the only method of extracting LiPF6 from samples was with a liquid-
liquid extraction method proposed by Petibon et al. [146]. Their method exposed the sample to 
moisture prior to analysis meaning that the sample may have been contaminated by production 
of HF. The method proposed in this work circumvents these problems by initially mixing the 
solvent with the sample in an inert atmosphere. This introduces a problem with vaporisation 
points of solvents within a glove box environment which meant that a higher vaporisation point 
solvent had to be used in the glove box. The problem is that this solvent is highly soluble in 
Figure 34. Screen prints of the ion chromatography taken of distilled water and the electrode washing sample after 
processing with the method illustrated in Figure 33. 
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water and therefore an additional step had to be added to change the solvent being used so that 
the precipitates could be removed with the liquid phase, this was done with a desiccator and 
two additions of water.  
The biggest step change is the addition of CaCO3 to the sample prior to taking it out of the 
glove box and when it is hydrolysed. This means that any reaction which does occur prior to 
the sample being exposed to moisture creates Calcium difluoride (CaF2) in place of reacting 
with the sample. This method of forming CaF2 from Ca- containing compounds was established 
many years ago and is the basis for the use of fluoride within toothpaste [185]. The reaction 
between CaCO3 and HF is shown explicitly in the work of Yasui et al. [186]. Therefore, the 
method presented here uses the same principles as Petibon et al. [146] but improves it by 
ensuring that there is no reaction between HF and the sample. 
However, because the surface films chemical composition is unknown it is not possible to 
guarantee that some of it is not lost in the aqueous phase or chemically changed through the 
sample evaporation process. Therefore, this method is of most use in studying the oligomer 
compounds present within the surface film and not in building a complete picture of the surface 
film’s composition with HPLC. XPS and other methods can be used to compliment this 
deficiency.  
It should be noted that the spectra obtained for lithium-ion surface film samples is not typical 
of HPLC / GPC spectra (chapter eight); in that they are not well-resolved peaks. The only other 
spectra using HPLC on lithium-ion cells, also provides similarly unresolved peaks [187]. This 
means that that the results in this work are as optimised as they are likely to be for commercial 
samples. This is due to the variety of chemical products being resolved. This makes the 
technique no use for the absolute quantification of specific oligomers but is useful for the 
quantification of the sum of the polymeric components present.  
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7.3. Conclusions 
XPS, FTIR, Raman and EDAX provide a means of analysing the chemical structure of the 
surface film. XPS was highlighted as being especially effective due to its high resolution in 
detecting chemical species in the <10nm range. However, analysis of the chemical structure 
only goes so far in describing the relationship between cell resistance or capacity and the 
surface film. Resistance of the cell can also increase due to an increase in the thickness of the 
surface film. Others have used traditional sputter-depth profile methods. However, this 
contains fundamental flaws for cell materials with inhomogeneous surfaces of unknown 
chemical composition. This work proposes a method of XPS analysis that sputters until a 
steady-state is reached in the material, at which point the relative concentrations can be used 
to determine the quantity of surface film relative to graphite. This comparison provides 
information on the thickness or quantity of surface film around each particle.  
This innovative XPS method hinges on the assumption that the surface film components 
contain a greater quantity of non C-C environments than graphite, and that these non-graphite 
components are equivalent between samples. The problem is that XPS is not able to detect the 
length of oligomers within the surface film. Therefore, if oligomers are formed of different 
lengths, then it could appear as though the surface film had increased less than it has between 
different samples. This work proposes using HPLC to detect these polymeric species. However, 
LiPF6 is present in the sample washing and this forms HF in the presence of water. This work 
proposes a method that stops reaction of HF with the oligomer species and allows analysis of 
the sample with HPLC through a wet-chemistry method. This method uses CaCO3 to cause the 
HF to preferentially react with it, in place of the oligomers. However, the method has not been 
studied for its impact on non-polymeric species present in the surface film so should not be 
used for the study of these components with HPLC. 
  
98 
 
Chapters six and seven contribute work to tackle the second objective which is to: 
 
Determine the optimum post-mortem methods that allow connection between electrical 
performance data and material changes at the negative electrode. This was done by overcoming 
five challenges and the optimum method for post-mortem analysis is: 
 Open the cell (using the new method for 18650-type cells) inside a glove box and never 
expose samples to air  
 Analyse with XPS to determine chemical composition of the electrolyte deposits 
 Sputter the sample until a steady-state is reached 
 Analyse with XPS to determine chemical composition of the surface film 
 Compare the total concentration of graphite to non-graphite from the XPS results to 
determine surface film thickness 
 Where further clarification is required on functional group assignment or morphology 
investigate with IR or SEM. 
 Determine changes in polymeric species with HPLC using the new method for sample 
preparation outlined in section 7.2 
This approach should avoid chemical changes to the surface film as a consequence of the 
preparation and analysis processes. It should also provide information on the chemical 
composition of the surface film, deposits and electrode thickness with XPS. Where XPS is not 
able to determine changes in surface film, HPLC can now be used to investigate changes in the 
polymeric species present. It also uses a minimal number of techniques making characterisation 
simpler by reducing the time involved with multiple sample preparations. 
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8. Post-mortem analysis of lithium-ion cells 
The purpose of this chapter is to complete objectives three and four, which are: 
1. Perform post-mortem analysis on the negative electrode surface film of cells at each of 
the lifetime affecting conditions to determine viability of the method and investigate 
the causes of lifetime reduction within lithium-ion cells 
2. Determine whether material changes to the surface film at the negative electrode can 
be correlated to the cells electrical performance  
This chapter applies the information and innovations to post-mortem analysis highlighted 
within this report and applies them to the lithium-ion cells characterised electrically in Chapter 
Three. Each testing condition post-mortem analysis is contained within its own sub-section. Its 
position within the context of the wider portfolio and this document is shown in Figure 35. 
It should be noted that XPS analysis and its repeatability across samples is shown in 
Submission Five of this portfolio. Although samples are inhomogeneous, there is good 
agreement between samples and the results presented here should be representative. However, 
XPS costs up to £750 a day and although this work processed over 100 samples, this cost 
limitation impeded the study, especially for different temperature / SoC samples. The 
temperature / SoC samples were only performed on five different cells and therefore further 
analysis would be required to ensure these results are representative.  
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Figure 35. Outline of the engineering doctorate portfolio, chapters within this innovation report are shown as 
numbers to the left of white topic boxes.  
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8.1. Increased current rate during charge 
Some of the information contained in this section is explained in further detail in Chapter Six 
of Submission Five within this portfolio. 
 
8.1.1. Visual changes 
Figure 36 depicts the physical appearance of the negative electrodes at each charge rate based 
on the photograph from [162]. The 0.7- and 2-C electrodes look identical in colour, shading, 
and appearance. The 4-C electrode is mostly similar in colour and appearance but has a single 
grey band covering approximately one-third of the middle of the electrode roll. The electrode 
from the cell subjected to a charge rate of 6-C also has a band; however it covers only one-
quarter of the electrode. The active material is delaminated from the current collector so that 
the copper is visible in places underneath. The presence of the grey-coloured band in the centre 
of the 4-C charged electrode and the delamination along the centre of the 6-C charged electrode 
indicates that the increased charge rate is affecting the middle sections at the 4- and 6-C rates 
of charge differently. This difference is highlighted further by the Figure 36 inset, which is a 
magnified photograph of the 6-C electrode. It shows that the electrode changes in colour across 
the electrode surface. It is multi-coloured with white patches in the middle (far right), and 
moving from the middle to the outside of the electrode (far left). The colour changes from 
greenish to blue to lighter blue to grey. Although chemical changes in surface film do not 
always present themselves visually, changes in colour always indicate a change in the thickness 
or chemistry of the material under study.  
Delamination of the 6-C electrode had a uniform pattern in the centre and across the length of 
the electrode roll. This pattern of delamination comes in and back out like two opposing 
sinusoidal waves. Part of this pattern is caused by lines in the electrode material running from 
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the bottom of the can to the top cap that are repeated in an almost equidistant pattern along the 
length. These lines perfectly aligned with the current collector tabs when the electrode is rolled 
up, which were at either end of the negative electrode and in the middle of the positive 
electrode.  
 
 
8.1.2. Microstructural changes 
Figure 37 contains micrographs of the negative electrodes from cells charged from 0.7-C to 6-
C. These images are from both the middle and the outside (close to the top cap/bottom) of the 
electrode roll. There are two key points to be made. First, the outside part of the roll for the 
0.7-C and 2-C charged electrodes’ active material looks like pristine graphite. At 4-C, small, 
lighter-coloured dots are present, and at 6-C, it is more difficult to identify individual graphite 
Figure 36. Photographs of graphite electrodes from commercial 18650-type lithium-ion cells that have been subjected 
to different rates of charge (0.7-, 2-, 4-, and 6-C). The photograph (inset) shows one side of the 6-C electrode at 
higher magnification. 
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particles because of a surface covering. The middle of the electrode roll is not visually the same 
as pristine graphite at any rate of charge because a film is visible. A trend is not clear, using 
SEM, of the extent of surface film growth on the middle track of the electrode roll as it is for 
the outer track. However, the middle track appears to have a greater amount of surface film 
than that on the outside in each case except for 6-C, which is visually similar for both the 
middle and outside. 
 
Figure 37. Micrographs of graphite electrodes from commercially available 18650 cells that 
were subjected to different rates of charge (0.7-, 2-, 4-, and 6-C). The “Middle” and “Outside” 
labels refer to micrographs taken furthest from the top cap and bottom of the 18650 size cell 
(Middle) and those taken closest to them (Outside). 
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8.1.3. Surface film chemical composition  
Figure 38 is the liquid chromatogram of the surface film removed from the electrodes at each 
C-rate from samples cut from the outside of the electrode material. The Figure 38 inset shows 
the total intensity within each minute (marked by colour bands). 
Results from the 0.7-, 2-, and 4-C electrodes are almost identical. In contrast, results from the 
6-C electrode are considerably different. They contain much higher concentrations in the 9–10 
and 10–11 minute time intervals. The size exclusion columns used elute higher molecular 
weight (MW) / more branched oligomers soonest and lower MW, less-branched oligomers 
later. Therefore, the 6-C electrode had a higher concentration of higher MW oligomers 
compared to the others. This finding suggests that the surface film of the 6-C electrode is 
chemically different from those at other C-rates. This is because the total counts are almost 
identical at less than 9.5 minutes and after 14 minutes, indicating that this difference is from 
the addition of a greater concentration of higher MW oligomers only. 
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Figure 39 shows the XPS spectra of the C1s spectra of the outside of the electrodes at each C-
rate. The 0.7-C to 4-C spectra peak positions align almost perfectly (<0.15eV). Whereas the 6-
C electrode C-O peak requires an adjustment of 0.6 eV to lower binding energy and also an 
increase in its FWHM of 0.5 eV. Because the other samples align so tightly it suggests that this 
shift is from a change in chemical species. The re-alignment is from an adjustment in the 
chemical environments that are present. The assignment of peaks to specific chemical 
environments is according to previous XPS studies of graphite electrodes [19,124].  
Figure 38. High-performance liquid chromatography of electrode surface film removed from cells that 
have been subjected to different rates of charge (0.7-, 2-, 4-, and 6-C). The inset is the integration of the 
total counts for each 1-minute period. 
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Figure 40 shows the C1s spectra of the middle and outside of the 2-C electrode. The findings 
indicate that there is a chemical difference. The O-C=O component is not present on the 
outside, whereas it is present in the middle. In addition, the contributions of both C-O and 
ROCO2Li increase by 38% and 103% in the middle, compared to the outside. The graphite 
reduces from 62% on the outside to 39% on the middle, a reduction of approximately one third 
and an increase in non-graphite peaks of one half. The shift of the C-O and ROCO2Li peaks to 
a lower binding energy for the middle sample suggests that the surface film containing these 
groups is chemically reduced or that an additional chemical environment is present. XPS shows 
that the middle contains a greater quantity of non-graphite compared to the outside. This same 
trend, shown here for 2-C electrodes, was consistent across C-rates. The middle always 
contains a higher quantity (>20%) of surface film compared to the outside. 
Figure 39. C1s XPS spectra of graphite electrodes after sputtering from commercial 18650 cells subjected to 
different rates of charge (0.7-, 2-, 4-, and 6-C). 
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Figure 40. C1s XPS spectra of a graphite electrode from a cell subjected to a charge rate of 2-C. The middle refers 
to the electrode furthest from the top and bottom of the 18650-size cell, whereas the outside refers to the electrode 
closest to the top or bottom of the electrode roll. 
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8.1.4. Discussion 
8.1.4.1. Position dependent surface film changes 
Figure 36 shows that as the C-rate increased, it had a different impact on the middle track of 
the electrode roll than on the outside. Although this effect is most pronounced for the 6-C 
electrode that had delaminated in places, the 4-C electrode similarly had a grey band in the 
middle. The micrographs show that although not visually quantifiable, the C-rate had 
consistently increased the concentration of surface film and more so in the middle than on the 
outside. While it was not possible to see any surface film in the micrographs on the outside 
track of the cells charged at 0.7- and 2-C, the middle track showed that surface film was 
covering the graphite particles. Figure 40 supports this finding by showing that the non-
graphite surface film components of the middle of the electrode roll were 20% greater than on 
the outside. This increase in surface film cannot be a consequence of the current path 
preferentially moving along the middle track. This is because the current collector tabs were 
located at both ends of the unrolled negative electrode and in the centre of the positive 
electrode.  
A possible reason for this increase in surface film along the middle of the electrode roll is 
presented in the work of Wood et al. [188]. They show that wetting of the electrode roll during 
cell manufacture is a “bottleneck” to the formation and manufacture of lithium-ion cells 
because it takes much longer to perform. The wetting process involves the injection of 
electrolyte both on top of the jelly roll and at the bottom of the cell through the mandrel hole. 
However, because the process is dependent on capillary action the middle will never contain 
the same quantity as those areas closest to where the electrolyte is first inserted. Reeves and 
Morris [189] note that an electrode’s active material that is not sufficiently wetted increases 
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both electronic and charge transfer resistance. This is consistent with differences noted in the 
electrical performance of cells subjected to different C-rates.  
At the highest C-rate (6-C), the electrode active material in the middle had delaminated in 
places. The delamination only occurs along the middle of the electrode roll and is most 
pronounced when it aligns with the tabs. This suggests it is caused by an increase in temperature 
because it is well known that the tabs are the hottest parts of the cell because they are subjected 
to higher current throughput [190]. Therefore, at 6-C, the temperature of the middle of the 
electrode roll (which is hotter due to wettability issues and coupled with the tab temperature 
rise) increases so that the binder properties are negatively affected. This finding is consistent 
with the much steeper decrease in cell electrical performance at 6-C as noted in [162]. 
This hypothesis was tested by placing samples of electrode material cut from the outside and 
the middle of the cell subjected to 6-C into environmental chambers at various temperatures. 
Photographs from this test are shown in Figure 41. The electrode from the outside of the cell 
maintained adhesion at 30oC (Figure 41 a), whereas the electrode from the middle delaminated 
at 30oC (Figure 41 b) and turned to paste at 55oC (Figure 41 c). The increase in temperature 
permanently affected the chemical properties of the binder such that it reduced its adhesion to 
the current collector.  
This means that the temperature in the middle of the graphite electrode from the 6-C charged 
cell was sufficient to permanently affect the properties of the binder, such that the electrode 
delaminated from the current collector at temperatures of 30oC which is well within the normal 
operating conditions of the cell. Better electrolyte wetting could potentially mitigate this from 
happening and may increase the charge rates that can be implemented. However, this study 
does not conclusively prove that it is electrode wetting that is the cause of the higher 
temperature along this central band. It is possible that the higher temperature is because this is 
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the longest distance of the heat conducting path to the outside of the cell can. The temperature 
of the thermal chambers were kept at a constant 25oC. Therefore, at the end of a charge period 
at high C-rates this central core will be higher, even if it was sufficiently wet. 
 
 
Figure 41. Photographs of graphite electrodes cut from commercial cylindrical cells from the outside (a) and middle 
(b and c) of the electrode roll and stored at 30oC (a and b) and 55oC (c) in typical electrolyte organic solvent. 
 
8.1.4.2. Changes to the surface films chemical composition 
Figures 38 and 39 show that with the exception of the 6-C cell the chemical composition of the 
surface film at 0.7- to 4-C is almost identical. At 6-C, however, the surface film chemical 
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composition changes significantly. The HPLC data shows a much higher concentration of 
longer chain, more branched oligomer compounds suggesting that the surface film and / or 
electrolyte components are increasing in size. This difference suggests that surface film 
thickness determination is not possible for 6-C cells using the method outlined in Chapter Five. 
Therefore, it is not a suitable condition for accelerating the ageing mechanism. Changes to the 
chemical composition of the surface film suggest different mechanisms to those used during 
normal ageing conditions. What this suggests is that it is possible to use charging rates of up to 
4-C for accelerated ageing testing without chemically altering the surface film material that is 
formed. 
 
8.1.4.3. Surface film thickness 
Figure 42 presents the relative peak areas for each chemical environment (a) and for all C-C 
graphite and non-graphite peaks (b) according to the fitting used in Figure 39. Figure 42a shows 
that as the C-rate increases, the percentage of C-C graphite decreases, whereas the 
concentration of C-O and O-C=O species, from the surface film, increase. The concentration 
of ROCO2Li species remains between 0% at 0.7-C and 8% at 2-C but does not show a trend 
with C-rate. When the sum of these non-graphite environments (C-O, O-C=O, and ROCO2Li) 
is compared to the C-C graphite environments (Figure 42b), there is an increase in surface film 
as the C-rate increases. At 6-C, however, the concentration of surface film to graphite is 57% 
surface film to 43% graphite. In each case, as the C-rate increases, so too does the concentration 
of surface film compared to graphite. Because the chemical environment has changed for the 
6-C cell surface film, not only can the XPS method employed not account for change in path 
length but its value, if it could be calculated, could not be used in comparison to other samples. 
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Increasing the C-rate of the cell (up to 4-C) does not appear to impact the material composition 
of the film formed but does impact the concentration of surface film relative to graphite. Figure 
43 shows the surface film concentrations recorded in Figure 42b and relates them to the cells 
resistance. It shows a consistent increase in surface film percentage that tracks the cell 
resistance. What is more interesting is that although the trend line follows all points, including 
the point at 6-C, because the surface film has altered in the 6-C instance the value has no 
significance. With this value disregarded, the surface film growth is linear with C-rate.  
Figure 42. (a) The peak areas plotted as a percentage of total C1s environments and (b) the sum of all non C-C 
environments (surface film) compared to all C-C environments. 
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Figure 43. Cell resistance relative to the total quantity of surface film for lithium-ion cells subjected to varied rates 
of charge. R2 value of fitting line (red) is >0.98%. 
 
In the one instance where the chemical nature of the film changes the XPS method employed 
for determining surface film thickness breaks down and cannot be employed – precisely as 
predicted.  
It should be noted that there is nothing special about the 4-C rate for lithium-ion cells in general 
because this rate will change with cells, materials and chemistry. Instead, it is important to look 
at the wider picture of ageing and lifetime prediction of lithium-ion cells with post-mortem 
analysis. Using the analytical methods and techniques presented in this work, it is possible to 
identify and quantify chemical changes in the materials themselves; these could not be detected 
by electrical performance data alone. Therefore, what is important is that the surface film does 
not chemically alter until after a charge rate of 4-C. The moment that the surface film alters, 
  
114 
 
Arrhenius kinetics cannot be assumed and the rate of degradation must be tracked through 
lower charging rates. If the chemical structure of the surface film does not change, then it is 
possible to use the XPS method presented here to determine the relative surface film thickness 
and define a specific rate, for a specific cell, chemistry and usage case. Therefore, post-mortem 
analysis can provide answers that are both more in-depth and quicker than electrical 
performance alone. For these cells, that rate was 4-C, but was not 6-C. 
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8.2. Percentage change in state of charge 
This section investigates the impact of the percentage change in state of charge on the surface 
film of the negative electrode surface film. This study was completed in tandem with those 
cells analysed in section 8.1 and uses the same charge rates (0.7-, 2-, 4- and 6-C) but a smaller 
percentage of the charge window (40-80%). It uses the United States Advanced Battery 
Consortium (USABC) standard of testing, to determine the difference between those charged 
between 0-100% SoC and 40-80% SoC.  
Photographs of the electrodes taken from cells subjected to % ∆ SoC during charge, and at 
different charge rates, are shown in Figure 44. The cells subjected to a smaller SoC window 
are severely delaminated along both sides of the electrode and across the entire electrode roll. 
In contrast, only the cell charged at 6C is delaminated along the central band. The cause of this 
central band delamination is addressed in section 8.1 above. However, the delamination noted 
in these samples cannot be the same cause as that for the 40-80% SoC cells. The main problem 
is that the electrode active material is completely bound to the separator and not the current 
collector. Analysis of the surface film within this work has occurred assuming the electrolyte 
evaporates from the top of the electrode surface. This work has not addressed the potential 
chemical differences in surface film with distance from the current collector. Nor is it possible 
to study the electrolyte deposits due to the uncertainty with deposition on the back side of the 
electrode. The greatest challenge for post-mortem analysis of these samples is therefore not 
surface film analysis but why the delamination of the electrode active material from the current 
collector has occurred.  
 
  
116 
 
 
Figure 44. Photographs of electrodes subjected to different charging rates (0.7- to 6-C) through 100% of the state 
of charge window (0-100% ∆ SoC) and 40% of the state of charge window (40-80% ∆ SoC) 
 
Figure 45 shows micrographs of the current collector (CC) from the outside band of the 
electrode roll (where the 6-C cells have not delaminated). In all cases, prior to analysis, the 
current collector was cleaned with N-methyl pyrrolidone on a cotton wool bud to remove the 
electrode active material. The 40-80% micrographs are completely different from the pristine 
Cu CC. It is possible to see the individual grains of Cu, whereas in the pristine cell, these 
individual grains are not shown. This is because when the Cu CCs are formed they are hot 
pressed between rollers that align the individual grains, they are then polished to create the 
smooth surface. The roller marks are shown as streaks through the Cu. Therefore, the polishing 
removes differentiation between grains. In the 0-100% case it is possible to see the polished 
surface of the electrode roll (similar to pristine) but it also contains small localised 
imperfections.   
  
117 
 
 
Figure 45. Micrographs of copper current collectors from cells subjected to different charging rates (0.7- to 6-C) 
through 100% of the state of charge window (0-100% ∆ SoC) and 40% of the state of charge window (40-80% ∆ 
SoC) 
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According to Braithwaite et al. who studied Cu CC corrosion these localised imperfections are 
revelation of the grain boundary [191] and they occur when four things happen. First, the 
material must have been ‘work hardened’, or polished, to impose an artificial material surface. 
The electrode potential must be close to 0.0V, the grains must be large (although no specific 
size is defined), and there must be alkali metals present. These cells (40-80% and 0-100%) 
were subjected to the same conditions, including a discharge to 0.5-0.8V (total cell voltage) 
prior to post-mortem analysis. However, under these conditions, copper current collectors can 
also be subject to pitting [192].  
Figure 46 contains micrographs collected from the two sets of cells and from a Cu CC that was 
forced to higher potentials (0.0V) in the presence of an aggressive alkali metal salt solution to 
create pitting of the materials. The 0-100% cell CC has corroded but only to reveal the grain 
boundaries. This is because it is possible to see the grains at the bottom of the corroded sections, 
this is different to the pitted CC. Frankel et al. [192] state that once pitting begins the process 
self-propagates due to the creation of a potential difference within the pit through expulsion of 
cationic species. What this means, with respect to this work, is that pitting does not stop at the 
grain boundary. This is evident because the pitted CC in Figure 46 does not have any grains 
present at the bottom of the created pit. Therefore, it is not pitting but grain boundary revelation 
or ‘etching’ that is the cause of the delamination for the 40-80% cells. Whereas, in the 0-100% 
cells that etching is stochastic. This suggests that one of the four factors required for grain 
boundary etching has increased for the 40-80% cells and not the 0-100% cells. It cannot be 
concentration of alkali metals because the cells are identical. It also cannot be CC polishing or 
grain boundary size because the cells were chemically identical when manufactured. This only 
leaves the potential of the electrode, therefore, the potential of the negative electrode must be 
lower for the 40-80% cells than for the 0-100% cells. The only time that either set of cells was 
taken to this low potential was during complete discharge prior to post-mortem analysis. 
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Figure 46. Micrographs of copper current collectors from cells charged through 100% of the state of charge window 
(0-100% ∆ SoC) and 40% of the state of charge window (40-80% ∆ SoC) and of a Cu current collector after 
pitting damage 
 
Using results from section 8.1 shows that the middle track of the electrode should have 
delaminated prior to discharging the cell for post-mortem analysis. Therefore, the CC along 
this central track should not have been etched when the cell was discharged prior to post-
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mortem analysis. Figure 47 shows the difference between the middle and the outside of the 40-
80% ∆ SoC cell. It shows that the grain boundaries of the outside are clearly visible. Whereas, 
the grain boundaries of the middle are not. This is consistent with both of the presented 
hypotheses, that the middle of the electrode roll is delaminated prior to post-mortem analysis 
and that the negative electrode active material is at a lower potential for the 40-80% ∆ SoC cell 
than the cells subjected to 0-100% ∆ SoC. 
 
 
A possible reason for this is proposed by Bloom et al. [193], and a method for its study is 
provided by Dahn et al. [194]. These works showed that over time the absolute potential of 
individual electrodes can shift. The result would be a shift in the potential of a single electrode. 
Applied to the cell presented here, when the 40-80% ∆ SoC cells were discharged the negative 
electrode went to a lower potential because it had shifted and therefore the copper was etched. 
When the etching happens, the copper that is bound to the active material of the electrode is 
separated from the current collector and the delamination occurs. 
Figure 47. Micrographs of copper current collectors from a cell charged at a rate of 6-C through 40% of the state of charge 
window (40-80% SoC) from the middle of the electrode roll and the outside 
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These tests were performed according to the USABC electric-vehicle battery test procedures 
manual [195], for determining the difference between small and large changes in a cells % ∆ 
SoC. This procedure is the standard used for comparison of manufacturer cell performance but 
was created for Ni-MH cell chemistry. It uses a repeat cycle to re-determine the cell voltage 
limits due to hysteresis effects that are inherent within Ni-MH technology. The 0-100% and 
40-80% ∆ SoC cycling program from the USABC Electric Vehicles Manual is shown in Figure 
48. It shows that for each complete charge a 0-100% cell uses, the 40-80% ∆ SoC undergoes 
an additional 40% charge and 40% discharge. In addition, the cut-off voltages of the next 
electrical cycle are dictated by the previous charge-discharge profile and so there is some 
ambiguity as to whether the percentage limits used are consistent between the two tests.  
 
 
Figure 48. Profile of the charge discharge cycle standard testing procedure from the USABC for testing of damage 
induced by a percentage change in a cells state of charge utilised during charging. 
 
This ambiguity with respect to charge voltage start and stop limits and additional cycles may 
be the cause for the electrode potential slippage. It also shows the damage that can be imposed 
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on lithium-ion cells with respect to electrode potential if the USABC standard is used. It is the 
author’s recommendation that the USABC standard be changed to accommodate for lithium-
ion technology. In addition, it is recommend that any future tests are not performed according 
to this current standard, because its impact of electrode slippage on electrical performance is 
unknown and may lead to incorrect results. Additional cycles are well-known to impact cell 
performance. Therefore, for lithium-ion cells these additional cycles should be removed and 
such comparison should be completed by a test that does not contain them.  
 
8.3. Vibration 
This section contains post-mortem analysis of the cells that were vibrated compared to a cell 
that was not. These cells are the same as those in the work of Hooper et al. [196]. A method of 
XPS analysis that sputters off surface deposits to determine differences between surface film 
and electrolyte deposits has been used. The chemical composition of these two materials is 
presented separately. 
 
8.3.1. Surface film (Negative electrode post-sputter) 
This section presents chemical analysis of the surface film of the vibrated cell. Figure 49 
contains C 1s XPS spectra of the negative electrode surface film from the control cell and the 
three vibrated cells and shows differences in the chemical composition of surface film between 
cells. There are three chemical environments which can be attributed to the spectra of the 
control cell; these are C-C from graphite (284.4 eV) [19,124,126] which will invariably include 
some C-H components that broaden the FWHM of the peak. A carbide, C-Li (282.8 eV), which 
is a component of the surface film [197] and also C-O (286.3 eV) which is similarly a 
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component of the surface film [19]. For each of the cells that have been vibrated an additional 
component within the surface film was present (O-C=O) at 289 eV [133]. On the basis that this 
component was not found in the control sample and yet is present in all of the vibrated cells, 
its presence is a direct consequence of the cells being exposed to a vibration loading.   
 
 
 
Figure 50 also supports the finding that there is no C=O in the control cell surface film. The O 
1s spectra shows no evidence of the C=O environment at 533.6 eV for the control cell and yet 
it is present in each of the other cells which have been vibrated. The F 1s and P 2p spectra are 
included to show that there were no other significant changes in the chemical structure of the 
Figure 49. XPS spectra of the negative electrode for C 1s from four cells (3, 15, 17 and 18) after sputtering with Ar+ 
ions. The chemical environments (C-Li etc.) are shown by tags in cell 18 and are identical in position and colour to 
those shown in the other cells. 
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surface film with no evidence of additional bonding environments. The control, and cell 17’s 
F 1s spectra, does contain a peak at 682.5eV. This has been attributed to NaF contamination, 
which is consistent with the NIST XPS database allocation [198]. There was also some Na 
present in the XPS spectra in these two cases but the spectra was exceptionally noisy due to 
the very low concentrations present. In both cases the contribution from NaF is less than 1% 
of the total F environments; and thus negligible.  
 
 
All C environments in the C 1s spectra have been determined from the concentration of that 
peak relative to total carbon environments. Peak concentrations for species concentrations 
come from the P 2p spectra and the F 1s spectra because these are only present within the cell 
Figure 50. XPS spectra of the negative electrode for P 2p, F 1s and O 1s from four cells (3, 15, 17 and 18) after sputtering 
with Ar+ ions. The chemical environments are represented by tags (e.g. LiF) and lines which indicate the relative binding 
energy alignment. 
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as LiPF6 initially and thus any decomposition products containing either P or F must come 
from the same absolute concentration of LiPF6.  
Table 5 contains percentage concentrations of chemical environments detected from XPS. It 
shows an increase in the components corresponding to decomposition of the electrolyte in each 
of the vibrated cells. This is most notable for the phosphates which increased from 57% of P 
2p environments to a minimum of 68% and a maximum of 73% in the vibrated cells. This 
represents the chemical degradation of LiPF6 salt to form phosphates; it is most pronounced in 
vibrated cells. In addition, the absence of C=O containing compounds in the control sample, 
yet presence in the vibrated cells shows that the chemical composition has changed. 
 
Table 5. Relative percentages of chemical environments from chosen peaks and elemental environments in surface 
film 
 
  
Cell LiF (F 1s) C-O (C 1s) C=O (C 1s) Phosphates (P 2p) C-Li (C 1s) 
3 (control) 12% 9% 0% 57% 9% 
15 21% 12% 20% 73% 6% 
17 14% 14% 6% 68% 3% 
18 17% 10% 22% 71% 3% 
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8.3.2. Electrolyte decomposition products (Negative electrode pre-sputter) 
This section presents chemical analysis of the electrolyte deposits present on the negative 
electrodes of cells subjected to vibration. Figure 51 contains XPS spectra of the negative 
electrode from the control cell and the three vibrated cells before sputtering and represents 
changes in the electrolyte deposits. Attribution of chemical environment is identical to those 
shown in Figure 49. However, while the control sample contains C-C/C-H, C-O and O=C-O 
environments, it does not contain a carbide peak (C-Li) at 282.8 eV. Given the absence of C-
Li in the control sample but its presence in all vibrated cells, vibration is most likely. 
 
Figure 51. XPS spectra of the negative electrode for C 1s from four cells (3, 15, 17 and 18) before sputtering. The 
chemical environments (C-O etc.) are shown by tags in cell 18 and are identical to those shown in the other cells 
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Figure 52 contains XPS spectra from the P 2p, F 1s and O 1s chemical environments of the 
electrodes pre-sputter. There are two key differences between the control cell and the cells 
which had been vibrated. First is that in each vibrated cell the percentage concentration from 
phosphates increases significantly when compared to the P 2p salt component. Secondly, there 
is an increase in total quantity of O-C chemical environments present in the vibrated cells 
compared to the control sample.   
 
Figure 52. XPS spectra of the negative electrode for P 2p, F 1s and O 1s from four cells (3, 15, 17 and 18) before 
sputtering. The chemical environments are represented by tags (e.g. LiF) and lines which indicate the relative 
binding energy alignment 
 
Table 6 contains percentage concentrations of different chemical environments from the 
electrolyte deposited products. Whilst the LiF concentration remains essentially identical 
(except for cell 17); the other three environments each show a significant increase in cells 
subjected to vibration. When comparing the vibrated cells to the control sample the phosphate 
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component increases by a factor of 2.5 to 5.5 in the vibrated cells whereas the C=O component 
increases by a factor of 2.25 to 6.  The C-O component has also increased, by a factor of 1.4 to 
2.2 in the vibrated cells. 
 
Table 6. Relative percentages of chemical environments from chosen peaks and elemental environments in 
electrolyte deposits 
 
8.3.3. Discussion  
From this work it can be concluded that vibration impacts the lifetime of lithium-ion cells 
through the removal and reformation of surface film at the negative electrode. This is validated 
by C-Li being present within the surface film decomposition products of only the vibrated cells 
and indicates that vibration is the cause. This is because its formation happens shortly after 
manufacture [104], therefore vibration did not create the Li-C, but rather removed it with the 
surface film. During vibration some of the surface film (including Li-C) breaks away from the 
electrode and is subsequently deposited within the cell electrolyte. The cell level manifestation 
of this reaction is an increase in resistance [196]. 
In support of this principal mechanism increased phosphate concentrations can be seen within 
the surface film and electrolyte decomposition products of the vibrated cells. The only source 
Cell LiF (F 1s) C-O (C 1s) C=O (C 1s) Phosphates (P 2p) C-Li (C 1s) 
3 (control) 36% 35% 3% 7% 0% 
15 35% 49% 18% 20% 6% 
17 53% 77% 19% 39% 5% 
18 35% 77% 7% 36% 6% 
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of Phosphates is the LiPF6 salt. Therefore, the salt must have decomposed to form the additional 
phosphate components. Kawamura et al. show a possible mechanism for this phosphate 
formation in their work on the decomposition of LiPF6 [123].  
In addition to lithium carbide in the electrolyte of vibrated cells and increased phosphate 
concentrations, the vibrated cells also contained higher concentrations of C-O and C=O 
environments in the electrolyte and increased LiF and C-O components in the surface film. It 
is well established within the academic literature that this suggests an increase in surface film 
forming reactions [19,124,133].  
The presence of O-C=O environments within the vibrated cell surface film, with its absence in 
the control cell, further supports the previously suggested mechanism. Which is that vibration 
caused the removal of surface film from the electrode and then new surface film took its place. 
Because the conditions are different (i.e. lower concentrations of H2O), the chemical 
composition of the new surface film is different, hence the inclusion of O-C=O components. 
Etacheri et al. showed that the main reduction products for ethylene carbonate, propylene 
carbonate and DMC contain ester compounds (O-C=O) [199]. Commercial cells use additives 
such as vinylene carbonate to selectively react at the surface of electrodes initially [200] to stop 
reduction of these species. They use specific quantities of these additives to form a surface film 
which uses up as little of the useful electrolyte components as possible without impeding cell 
function later [177]. Therefore, the product (new surface film formed after vibration) is likely 
to lead to an increased concentration of ester environments, causing an increased impedance 
and increased cell resistance as the surface film is no longer selectively formed for its role. 
It could be recommended that lithium-ion cell manufacturers and users implement a vibration 
profile within accelerated testing profiles to determine the expected cell lifetime. Especially 
because the mechanism is different from those dependent on temperature, SoC, current rate 
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and % ∆ SoC. However, the electrical performance for these cells, which is provided here [196] 
contains large errors dependent on vibration profile and between cells. Therefore, although the 
mechanism showed consistency within post-mortem analysis there remains a question about 
its impact for other cells, manufacturers and chemistries.  
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8.4. Change in temperature and SoC 
This section contains post-mortem XPS analysis results from the surface film of cells subjected 
to different storage temperatures and SoC.  The cells tested were one from each condition of 
temperature and SoC. 
 
8.4.1. Introduction 
Figures 53-55 contain XPS spectra of the negative electrode from binding energies that 
represent the C 1s, O 1s, F 1s and P 2p chemical environments respectively. They are presented 
in such a way as to make trends dependent on temperature or SoC easier to distinguish. 
Assignment of peaks to specific chemical environments is representative of those presented by 
others [19,124]. Although such assignments are always open to interpretation, the ROCO2Li 
peak is especially spurious. It is possible that this peak is actually a satellite graphite peak that 
occurs with high concentration of sp2 hybridised carbon (graphite) [126]. Its presence is 
typically distinguishable if there is an asymmetric tail toward higher binding energy for the 
284.4 eV peak. The problem with these samples is that this tailing may also be due to the 
presence of C-O functionalities. Although the ROCO2Li component is shown in two samples, 
due to this ambiguity, the conclusions drawn from the spectra assume it is not present at all. 
The principal peak for 45oC and 80% SoC in Figure 53 is from C-O functionalities and not 
graphite. It is possible to adjust this peak so that this main peak is C 1s graphite at 284.4 eV. 
However, because this shifting occurs for all chemical environments if this is done, it would 
also adjust the O 1s ‘C-O (2)’ peak 1.3 eV to lower binding energy, which would move it to 
0.7 eV less than the O-Li peak present in the other samples. There are two reasons this is not 
chemically possible, only metal oxides are present at binding energies that are within this 
region and there were no other metallic species present in the survey scan of the material. 
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Secondly, even if it had bound to another metal; a lithium ion is the smallest, and is a highly 
charged metallic species. Binding with other metals would move the peak to higher not lower 
binding energy. Therefore, it would move the O 1s peak outside of the possible values for these 
samples. This problem is echoed in the F 1s peak positions, including the shifting of LiF out of 
the demonstrable area of the F 1s spectra. Assuming that the simplest explanation is the most 
likely, the C-O peak has been assigned as the principal peak of the C 1s spectra. 
 
8.4.2. Surface film chemical composition 
The C-O component of the C 1s spectra of Figure 53 is approximately equal at 10oC, 
irrespective of SoC. There is no change at a higher temperature (25oC) and low SoC but a 
significant change at the highest temperature (45oC) and low SoC, an increase in percentage of 
C-O to 32% of all C 1s environments. Once the SoC increases from 20% to 80% the 
concentration of C-O component relative to other C 1s functionalities increases further. Going 
from a C-O concentration of 32% at 20% SoC to 75% at 80% SoC.  
Because there is no chemical reaction that involves reversible formation of C-O within lithium-
ion cells, it is assumed that this formation is from irreversible reduction of electrolyte solvents 
at the surface of the electrode.  As temperature increases the concentration of C=O-C species 
also increases, moving from 1-2% at 10oC irrespective of SoC, and 0% at 25oC, to 30% and 
then 76% at 45oC for 20% and 80% SoC respectively. This shows that temperature is the 
primary factor in C-O formation / reduction of electrolyte until at higher temperatures and SoC 
at which point the increase is much sharper than expected. What it also suggests is that the 
species formed at these higher temperatures are primarily small carbonates for the 45oC / 80% 
SoC condition. This is because if polymeric or longer chain carbonates were the primary 
reaction product then non-graphite C-C bonding would still dominate. However, in this case 
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C-O bonding is primarily the product. Therefore, it contains a higher concentration of methyl 
carbonate derivatives because these contain less C-C bonding (refer back to Figure 9). This 
conclusion is supported by increased concentrations of O=C-O functionalities in the C 1s and 
the O 1s spectra (Figure 54) with increasing temperature, which is similarly indicative of 
electrolyte reduction.  
What this means is that surface film formation is most affected by temperature, and that 
formation of surface film is primarily methyl carbonate type derivatives at 45oC / 80% SoC. 
Section 3.2.4.1 refers to the underlying theory behind lithium plating at increased current rates. 
The specific chemical mechanism highlighted here, of changes in the chemical species as a 
consequence of lithium plating may be specific to the cells used. In this case the cells used 
were NMC-type cathode materials with graphite negative electrodes. It is likely that cells with 
other chemistries, particle sizes, electrolyte selection or additives will not induce the same 
mechanisms. What it does show however is that post-mortem analysis can be a critical 
component of any electrical model to validate or refute assumptions made with respect to 
surface film growth or alteration with temperature, SoC or other operating conditions. For other 
chemistries and cells it is possible to apply a higher temperature profile to induce a faster rate 
of degradation without chemically altering the surface film composition. What this work does 
show, is that it is not possible to know if this assumption is correct without post-mortem 
analysis. 
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Figure 53. C 1s x-ray photoelectron spectra from the negative electrode of cells subjected to different temperatures 
and states of charge during storage for a period of 30 months. Identical peak colours represent the same chemical 
environment based on peak binding energy and width values 
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The O 1s spectra (Figure 54) is difficult to de-convolute for specific chemical environments 
due to the variety of chemical species that exhibit at the same binding energy (e.g. phosphates, 
carbonates, alumina, silicon oxides and organic C-O components). This is not true for the metal 
oxides, which tend to exhibit at 1-1.5 eV lower than the metal carbonates (e.g. C-O) and 
phosphates [201]. This lithium metal oxide peak is present in electrodes at 10oC and 25oC but 
not 45oC. What is interesting is that the relative percentage of this peak is approximately the 
same for samples at 20% SoC (6-9%) irrespective of temperature but increases to 25% of total 
O 1s environments at 80% SoC and 10oC. Aurbach et al. [202] have shown that Li-O is a 
product from plated lithium. This work shows the highest concentration of Li-O in the samples 
from cells stored at 10oC and 80% SoC. Ely and Garcia note lithium nucleation growth during 
storage without cycling [203]. This is reasonable because lithium plating is produced by two 
kinetically rate limited but competing reactions occurring at the surface of the electrode, 
intercalation and lithium plating [68]. Lithium is still present at the surface of the electrode 
during storage and this work shows it has caused lithium plating to occur, but at a much slower 
rate.  
However, there is no guarantee that these results can be extrapolated to all cell types. Smart 
and Ratnakumar proposed this competing mechanism interpretation by showing that lithium 
plating can be limited and even stopped through electrolyte choice [68]. It is possible that the 
detection of plated lithium at the 25oC condition in these cells is a result of higher 
concentrations of ethylene carbonate (EC) or electrolyte additives. A cell with lower 
concentrations of EC or electrolyte additives may not show formation of Li-O species due to a 
reduction in plated lithium. 
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Figure 54. O 1s x-ray photoelectron spectra from the negative electrode of cells subjected to different temperatures 
and states of charge during storage for a period of 30 months. Identical peak colours represent the same chemical 
environment based on peak binding energy and width values. 
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The final point of interest is the formation of LiF, which is a component of the surface film 
[124]. The F 1s spectra shows that as the temperature increases the concentration of LiF relative 
to the LiPF6 salt reduces to nothing at 45
oC and 80% SoC. Assuming the salt concentration of 
initial cell formation is consistent across samples means that increased temperature is reducing 
the quantity of LiF formed. At 45oC and 80% SoC there is no LiF present at all, and only a 
LiPF6 component. At 80% SoC and 10
oC the highest concentration of LiF (82%) is present. 
Dedryvère et al. [127] noted the increase depends on higher SoC and proposed a mechanism 
of LiF formation from small lithium methyl carbonates. This mechanism is supported in these 
results, because when the carbonate concentration is at its highest (45oC / 80% SoC) LiF is not 
present in any concentration.  
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Figure 55. F1s x-ray photoelectron spectra from the negative electrode of cells 
subjected to different temperatures and states of charge during storage for a period 
of 30 months. Identical peak colours represent the same chemical environment 
based on peak binding energy and width values. 
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8.4.3. Discussion and conclusions 
All of this means that SoC and temperature primarily introduce two different mechanisms of 
degradation. One at temperatures of 10oC and another at 45oC. This general conclusion has 
been shown by Waldmann et al. [22] and is consistent with this study’s electrical data that 
shows these two conditions as impacting cell performance the most. However, this is not the 
only reaction occurring otherwise the low temperature would have the highest capacity fade, 
which it does not. This is a limitation within these results where only the negative electrode 
surface film has been studied. It is possible that reactions at the cathode contribute to the 
capacity fade, as noted in the work of Guan et al. [204] but are not studied for these cells. 
What is useful is that it also shows post-mortem analysis can be used to track certain markers 
that can be attributed to specific storage conditions. These are the increase in C-O component 
and reduction in LiF, at higher temperature and accelerated by higher SoC. And, the increase 
in the O-Li component, which forms at low temperatures and is similarly accelerated by high 
SoC. 
What this could mean to accelerated testing of lithium-ion cells in the future is that increasing 
SoC but lowering temperatures may speed up Li-O formation by a factor of up to four. 
Reducing the time spent performing testing by the same factor. After this has been completed, 
it may be possible to then focus on increasing the C-O component of the cell by maintaining a 
cell at 80% SoC and 45oC for one hour instead of cycling at 25oC for 6 hours.  
However, it is not this simple, it is also possible to see many instances where the chemical 
composition of the electrode varies with SoC and temperature in other ways. The disappearance 
of the C=O functionalities at 20% SoC and 25oC shows that the surface film is too complex to 
be able to do this type of acceleration with accuracy. The specific chemical composition of the 
surface film has changed at these conditions. Therefore, although this work shows an 
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accelerated ageing profile might be able to use two extreme conditions this is no different from 
previous work [22]. It also could have been inferred from the electrical data shown in Chapter 
Five. What the electrical data did not show however is that the surface film alters at this 
intermediate temperature. This is not consistent with the Arrhenius type acceleration that is 
often used to support accelerated ageing tests [205]. As Spotnitz makes clear [16], if the 
chemical composition of the film alters then the Arrhenius relationship cannot be used because 
it is no longer a single reaction that is taking place. The post-mortem results from this work 
suggest that an accelerated test profile requires multiple different temperatures to be consistent 
with actual cell conditions.  
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9. Discussion  
This chapter discusses the process used for post-mortem analysis and the requirements for 
accelerated ageing. This is done within the context of whether post-mortem analysis can be 
used to detect material changes in commercial lithium-ion cells after accelerated lifetime 
testing. 
The position of this chapter within the context of this innovation report and the wider portfolio 
is shown in Figure 56. 
 
Figure 56. Outline of the engineering doctorate portfolio, chapters within this innovation report are shown as 
numbers to the left of white topic boxes. 
 
Post-mortem analysis was performed on cells subjected to different operating conditions over 
accelerated testing periods. Because post-mortem analysis of this type is so common 
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[206,22,205] it might be expected that the processes used within literature do not alter the 
sample itself. And, that the methods of studying the organic [19], inorganic [127] and 
polymeric components [187] as well as overall thickness [139,140] of the surface film are well 
established. However, this work revealed that the methods used to open 18650-type cells [22], 
process the harvested samples [207], study the films polymeric component [146] and the 
surface films thickness with XPS [140] contained significant limitations that either affected the 
chemical composition of the film or did not do what was being proposed.  
After overcoming these limitations, it was possible to create an optimum method of performing 
post-mortem analysis on cells subjected to different accelerated conditions. Using this method 
this work shows how vibration is a potentially critical component of any accelerated testing 
profile. That changes to the chemical composition of the surface film from increased charging 
rates causes primarily increases in surface film thickness. And how the assumption there is no 
change in the chemical composition of the surface film with changes in temperature and SoC 
was not true for these cells. 
9.1. Post-mortem analysis  
9.1.1. Opening and sample processing 
Our work shows that it is possible previous post-mortem analysis may have observed changes 
that were caused by the process of cell opening and sample processing. This may have been 
the case in the work of Barrett et al. [173] for example. Considered within the framework of 
post-mortem analysis such results could lead to spurious conclusions on chemical changes to 
surface film and create a skewed materials based evidence process from inaccurate results. The 
process of opening 18650-type cells with rotating disc-saws [208,176,173,209] and washing 
the electrode surface with low-boiling point solvents [105,210,139] is done in the vast majority 
of post-mortem analysis studies.  
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Although there had been some discussion about the impact of washing on the surface film being 
analysed [158] a systematic study had not been performed. This work shows that this is an 
oversight because washing removes surface film material and selectively removes LiF. 
Furthermore, washing has been shown to be unnecessary as the low boiling point solvents 
evaporate at low pressures and therefore a low temperature antechamber is more suitable. 
The process of cell opening with a rotating disc-saw for anyone who actually performs it should 
raise concerns. It creates large quantities of dust, heated metal can be observed and the jelly-
roll, in this work, was always cut, creating short-circuits. This work provides evidence that the 
process of cutting cells open with a rotating disc-saw can cause changes in the surface film of 
the electrode. Jungst et al. [211] for example, opened a 18650-type cell with a rotating disc-
saw and then wash the electrodes prior to investigating the quantity of metals in the cell. They 
mention that washing did not reduce the quantity of metals present- suggesting that they 
understand this could be a potential factor. However, there is no mention of the impact that 
opening the cell had on those concentrations, or where the sample was taken from within the 
jelly roll. They found aluminium, nickel, cobalt and copper at both electrodes which are all 
present in steel. This work also noted increases in metals, especially copper, but exclusively in 
the samples that were opened with a rotating disc-saw. Therefore, the impact of using these 
methods has implications on analysis of the surface film. There are a large number of ways that 
a delicate surface film of unknown chemical composition could be chemically altered as a 
consequence of these processes due to heat, solvation and contamination. Therefore, further 
analysis of films after such interference is unlikely to be representative of the in-use conditions. 
Not only does this uncertainty of potential contamination invalidate post-mortem results but in 
some cases, such as Jungst et al. [211] and Barrett et al. [173] the conclusions drawn have a 
direct connection to the method used.  
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Opening of 18650-type cells with a rotating disc-saw appears to be unnecessary and instead 
the process created in this work of using a pipe cutter and peeling the can open could be 
employed in its place. The effect of washing the electrode surface should be considered 
important where study of that surface is required. If these processes are not adhered to, the 
results obtained may be incorrect and cause conclusions to also be incorrect – this may have 
costly implications for OEM who would rely on post-mortem analysis. Because they may rely 
on them for long term accelerated ageing tests.  
 
9.1.2. Analysis of the surface film 
XPS is the most common method for chemical species analysis of the electrode surface film 
[126,155,127,156]. In addition, there is a requirement to understand the thickness of the 
electrode surface film in validating the impact that accelerating conditions have if they do not 
alter the surface films chemical composition. This is commonly performed with XPS, using 
sputter-depth profiling [139,140]. However, the process of sputtering is not uniform for all 
materials because the rate of sputtering differs dependent on chemical composition [212], Li+ 
species can also migrate during analysis [212], and morphology of the sample changes the 
absolute counts [212]. Cell electrode surface films are also highly inhomogeneous [213]. This 
means that sputter depth-profiling should not be used to determine surface film thickness. It is 
possible to overcome these limitations by sputtering until a steady-state is reached and then 
comparing the concentration of non-graphite C 1s components to graphite C 1s components. 
This work shows this method being used to determine the thickness of negative electrode 
surface films from cells subjected to different rates of charge and different temperatures and 
states of charge. It shows that where the chemical composition of the material does not change 
the quantity of surface film increases linearly with resistance. Therefore, this method provides 
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a different method of analysis and allows relative thickness of the electrode surface film to be 
estimated using XPS. 
Analysis of polymeric species with HPLC / GPC systems is also important in understanding 
the surface chemistries of these samples because XPS cannot be used to determine the 
polymeric component [133]. And therefore, making a calculation of surface film thickness may 
be skewed by identical XPS results but non-identical surface film composition. HPLC can be 
used to measure these compounds, however the presence of LiPF6 and subsequent formation 
of  HF [135] mean that samples cannot be processed without first removing LiPF6 salts [146].  
A method has been previously used to remove this salt from the sample prior to analysis with 
gas chromatography [146]. However, this method used water during the sample preparation 
outside of the glove box. And, although their work noticed no impact on equipment over a 
number of years, there appears to be no system in the method of stopping reaction between the 
sample and moisture, during the intermediate period. Reaction with the sample may cause error 
in later analysis of the surface film. It is possible to overcome this problem by adding CaCO3 
to the sample within an inert environment; because calcium preferentially reacts with fluorine 
to form CaF2. In addition, the use of a high boiling point solvent means that they can be used 
within the glove box environment. This requires a re-solvation and evaporation period after 
use. It is recommended that a Ca containing substitute be added to the sample prior to 
hydrolysis and that this be performed inside a glove box. This then allows HPLC to be used in 
analysis of the polymeric components of lithium-ion cell electrodes without damage to the 
sample. 
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9.2. Accelerated ageing tests 
Accelerated ageing experiments operate on the assumption that under accelerated ageing 
conditions the chemical composition of the surface film does not change [16]. The results of 
this work augment the findings of Bloom et al. [17] that chemical changes to the surface film 
occur under different cell operating conditions other than temperature. This work extends their 
work to include vibration and increased current rates during charge. It also improves on this 
previous work by showing the chemical changes from analysis of the materials contained inside 
the cell. This works results diverge from Bloom et al. work [17] in that variations in temperature 
from 10oC to 45oC contained differences in the chemical composition of the surface film. This 
may be due to the fact that Bloom et al. work was performed at temperatures of 40-70oC whilst 
this study was performed at temperatures of 10-45oC. Therefore, it is possible that higher 
temperatures do follow Arrhenius behaviour without a change in chemical composition to the 
surface film, as they indicate. However, as shown by the surface film composition of the cells 
kept at a temperature of 25oC, this assumption was not consistent for this work. 
  
9.2.1. Increased current rate during charge 
The impact of charging rate had been electrically characterised before [214] and more recent 
studies have shown similar electrical performance to those presented in this work [215] 
primarily that increased C-rate decreased cell performance. However, electrical performance 
suggests that increased C-rate would linearly impact the capacity fade of the cell and that an 
accelerated testing profile may be able to use C-rates of up to 6-C. Post-mortem analysis of the 
negative electrode surface film showed that C-rates of up to 4-C could be used in an accelerated 
test profile to increase the resistance and capacity fade during lifetime of lithium-ion cells under 
charging conditions. It showed that at least part of the degradation observed was caused by 
  
147 
 
temperature. Although results from this work cannot decouple the effects of temperature and 
charge rate it shows that temperature gradients exist within the electrode material that follow 
manufacturing induced faults that may have been created by insufficient electrode wetting, and 
by association increased temperature gradients. This non-uniform ageing supports the 
conclusions of Klett et al. [206] in their tests on commercial cylindrical cells with a different 
chemistry which, suggests that electrolyte wetting is the probable cause – and therefore that 
this failure may not be induced in other format cells. As mentioned previously, this explanation 
of electrode wetting is not the only potential source of temperature gradients. Because the 
centre of the electrode roll is furthest from the negative and positive tabs, and the outer cell 
can, over prolonged charging periods the temperature along this central core will increase. Such 
an increase may have caused the delamination and surface film alterations irrespective of 
whether it was sufficiently wet. This work, does not prove that electrode wetting is the source, 
only that the damage is associated with increased temperatures. 
The consequence of these results to JLR come from the speed with which testing can be 
performed during a fast charge section of an accelerated testing profile. Instead of taking 85 
minutes to charge at 0.7-C, the cell could be charged at 4-C reducing the testing time to 15 
minutes. This equates to an increase in the speed of a fast charge profile by 5.6 times. This 
testing profile provides value to the type of accelerated testing that JLR performs by reducing 
the time that it can be performed in and could not have been predicted from electrical 
performance alone. 
There is a difficulty in coming to this conclusion from this data alone. It is that this work 
assumes increasing the c-rate of charge only impacts the negative electrode surface film. Other 
studies have shown that increased charge currents can also crack the graphite particles [216]. 
This may lead to loss of lithium sites available for intercalation [217] and thus effect cell 
performance. If this has occurred for these cells, then a measurement of the surface film 
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compared to cell resistance is not the entire story. Although a rise in surface film percentage 
was consistent with a rise in C-rate and resistance further work would be required to exclude 
particle fracture from the picture completely. Therefore, this work would benefit from further 
analysis with XRD to verify whether this assumption about surface film being the main cause 
of performance decline is true.     
 
9.2.2. Vibration 
The impact of vibration on the materials within lithium-ion cells had not been studied 
previously for long-term ageing studies. Damage from vibration had referred to damage 
occurring in electrical connections [218] and not in changes to the surface films composition. 
The presence of Li-C components in the surface film, formed during the cells first cycles in the 
presence of H2O, shows that the surface film on the electrode may become detached from the 
electrode surface during vibration. This is then replaced by a non-selectively formed surface 
film. This work suggests that vibration follows a dissolution of surface film type profile, 
typically only observed at much higher temperatures [219]. This means that any accelerated 
ageing lifetime tests for lithium-ion cells should contain a vibration profile.  
There are limitations to the conclusions that can be drawn from this method and reaction 
mechanism in isolation. It is possible that changes in temperature, SoC, current rate or other 
conditions might be catalysed by the surface film being removed. Malmgren et al. show that 
reduction of the electrolyte on the surface of freshly passivated electrodes caused a much higher 
reduction in capacity than with non-passivated electrodes [18]. Therefore, when this vibration 
induced mechanism is coupled with a high-capacity fade mechanism the rate of performance 
decline may be different. This means that vibration must be coupled with capacity fading 
mechanisms like temperature or increased SoC to determine its absolute impact. 
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In addition, the cells undergoing post-mortem type analysis assumes that the vibration profile 
employed is representative of 10 years of vibration. If the vibration profile used in this study is 
more aggressive than in a real-world condition, then the mechanism seen in these results may 
not be accurate. Although, it is beyond the scope of this work to investigate the accelerated 
profile conditions themselves. The post-mortem methods applied here could be used to 
investigate changes to the surface films composition during different vibration profiles to 
address this. 
 
9.2.3. Temperature / SoC 
Ecker et al. suggest that Arrhenius type acceleration works for storage conditions of different 
temperature below 60oC [205]. Spotnitz et al. state that this is dependent on if the chemical 
structure of the surface film does not change [16]. The results in this work directly contradict 
the proposition of Ecker et al. by showing that different surface film compounds are formed at 
different temperatures and SoC [205]. Most notably, this is O-Li products at low temperature 
originating from lithium plating and C-O components at high temperature.  
It may be possible to integrate the two worst conditions and ignore the intermediary conditions. 
The composition of the two extremes suggest that using a 45oC or 25oC with higher SoC may 
cover the worst case scenario of cell performance decline. An accelerated test profile would 
therefore only need to include low temperature / high SoC and high temperature / high SoC to 
cover both types of surface film composition. This means that the study within this work could 
be duplicated with six cells, instead of 27 reducing the cost by up to 78%; this is a significant 
cost and time reduction. However, it also shows that there is no short cut to accelerated testing 
if accuracy of prediction is required. The Arrhenius assumption that it is only the reaction rate 
of identical reactions being accelerated does not appear accurate. 
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9.2.4. Percentage change in SoC 
Post-mortem analysis of the cells subjected to different % ∆ SoC was handicapped by a 
USABC electrical test-profile which induced damage that was not representative of real-world 
conditions. It is most likely that the additional cycles caused a shift in the negative electrode 
potential which caused grain boundary etching and delamination making it not possible to study 
the surface film. 
Although this test does not show any useable results for accelerated testing requirements, it 
provides an opportunity to highlight the advantages of post-mortem testing. The test profile 
used gave electrical performance that was consistent with previous work that predicted its 
impact [7]. Indeed, the cells showed much better electrical performance with a reduced 
percentage change in SoC than with the 0-100% SoC profile. This is probably the reason that 
other groups who were also using it had not highlighted the USABC test requirements as a 
problem.  
Upon cell opening it became clear that the test profile had induced damage that was inconsistent 
with that expected from electrical data. Post-mortem analysis showed another condition which 
supported the binder degradation mechanism. Without post-mortem analysis this supporting 
information would not have been available. It would be assumed that the USABC test profile 
was sufficient and that the degradation recorded in capacity and power was accurate. This was 
not the case, and as a direct consequence of this work the USABC have been reviewing this 
information for future revisions of the manual. Dr Ira Bloom presented this information to them 
in the autumn of 2015.  
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For the purposes of understanding the impact of a % ∆ SoC on the cells internal materials and 
whether it is equivalent to other conditions, these tests must be performed again on new cells, 
without the additional cycles.    
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9.3. Collective impact for JLR 
This work proposes that instead of submitting cells to multiple SoC and temperatures, instead 
focus could be made on the low temperature / high SoC condition and the high SoC / high 
temperature conditions to accelerate testing time. In addition, instead of using multiple 
charging rates a single rate of 4-C could be applied to track the capacity and resistance. 
Therefore, acceleration of each charging portion of the accelerated test profile could be 
improved by more than an hour. 
For this work, the type of test time saving presented would reduce the total number of 
temperature / SoC cells from 27 to 6, reducing the total cost by up to 78%. For current rate, 
using only a 4-C test profile calculated as representative of cell conditions would reduce cell 
numbers required from 24 to 6 reducing the cost by 75%. For vibration, by removing three cells 
the total cost savings would be 33%. With the removal of the need to test for orientation or 
pressure as well the total cost savings would be up to 75%.   
A deliverable for JLR is that the time it takes to perform an accelerated test profile can be 
reduced without chemical changes to the surface film at the negative electrode. This is possible 
by charging at rates of 4-C, storing cells at 80% SoC for both 10oC and 45oC. It also shows that 
for the accelerated ageing tests to be representative they should include a vibration profile.  
This work presents methods that can process key parts and components of the cell without 
causing damage. It addresses how to open cells, process them and the main techniques to use 
– and how to use them to abstract the optimal amount of information. The aim of this work was 
to investigate how post-mortem analysis can be used to detect material changes in commercial 
lithium-ion cells after accelerated lifetime testing.  
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This work has drawn direct comparison between cell conditions during accelerated cell 
conditions and material changes at the negative electrode surface film. It brings together a vast 
sum of information into a single method.  
This does not mean that it is perfect. The approach applied for XPS and HPLC analysis removes 
the ability to differentiate between all chemical mechanisms. This is shown by the fact that 
XPS collates all C-O / C=O / P-O and other groups together. This means that locating the 
specific reaction mechanism is not possible. HPLC does the same but with the polymeric 
components. This was the optimum approach for commercial cells due to the number of 
possible chemicals present. Improvement could be made to the study by expanding the choice 
of methods further to investigate whether more information is available or warranted. 
Another problem is shown by an apparent dichotomy in the results. The cells subjected to high 
temperature showed variances in the chemical species present. Yet, the cells subjected to higher 
currents did not – even though temperature was the cause of the delamination at 6-C. It is 
possible that this is caused by the difference in cell materials. Perhaps the high current cells 
contained additives to stabilise at high temperature. The important thing is not the actual 
results, but rather the fact that it varies at all. This means that comparison of these results to 
other chemistries, materials or cells may not be possible. For JLR, the decision would have to 
be made whether or not they can make such assumptions on transfer between suppliers. Or 
whether post-mortem analysis becomes a critical part of cell diagnosis and selection to identify 
such disparities. 
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9.4. Next steps / future work 
Firstly, the type of analysis performed in this work needs to be done on cells subjected to 
different % Δ SoC cycles to compensate for the erroneous results obtained with the USABC 
testing profile. This could also be extended to cells subjected to different discharge rates. 
Building a correlation between electrical performance and internal material analysis is 
convoluted. The internal working of the cells is more complicated than the much simpler, sum 
of all parts, capacity or resistance values. However, the answers available also provide more 
information. The significance of this work would benefit from more post-mortem datasets, with 
respect to temperature and SoC. 
What these results do not show is the impact of conditions when coupled together. For example, 
vibration may cause catastrophic cell failure if coupled with temperature or higher rates of 
charge. It could also have less of an impact when coupled with other, more degrading factors, 
such as faster rates of charging. Real-world usage profiles need to be created that amalgamate 
all of these and then if post-mortem analysis was performed it may be possible to make further 
conclusions on the mechanisms that have occurred. This would be especially interesting in 
determining the chemical changes in the surface film from cells subjected to high temperature 
and then low temperature to determine whether the surface film still contains either C-O or O-
Li components or whether the product is an amalgamation of the two. 
The method presented in this work to accelerate cell capacity loss and resistance increase could 
be tested with a vehicle test-profile. Two sets of cells could be initially characterised, one at 
the accelerated test profile, the other not. The electrical performance could then be compared. 
This type of test would be further validation of the work started here. Also, due to the error 
inherent within manufacturing variances that can cause the large error between similar cells 
under comparable conditions work involving a larger dataset could be advantageous.  
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10. Conclusions 
 
The aim of this work was to investigate how post-mortem analysis can be used to detect 
material changes in commercial lithium-ion cells after accelerated lifetime testing. 
This was de-convoluted to four main objectives which were: 
1. Determine the conditions of use that impact cell lifetime and how that lifetime reduces 
with respect to cell capacity and resistance after an accelerated testing period 
2. Determine the post-mortem methods that allows connection between electrical 
performance data and material changes at the negative electrode 
3. Perform post-mortem analysis on the negative electrode surface film of cells at each of 
the lifetime affecting conditions to determine viability of the method and investigate 
the causes of lifetime reduction within lithium-ion cells 
4. Determine whether material changes to the surface film at the negative electrode can 
be correlated to the cells electrical performance  
Objective two contained five problems that needed addressing, these were: 
1. Produce a method of opening 18650-type cylindrical cells without affecting the surface 
film 
2. Understand the impact of rinsing electrodes on the negative electrode surface film 
3. Create a process of studying the surface film composition separate from the electrolyte 
deposits 
4. Create a process to determine the thickness of the electrode surface film 
5. Create a process to stop LiPF6 from affecting the chemical composition of the surface 
film in preparation for HPLC analysis 
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Objective one was investigated by identifying and then testing seven ways in which 
commercial lithium-ion cell capacity and resistance can be negatively affected after they have 
been manufactured. These were temperature, state of charge (SoC), current rate, percentage 
change in state of charge (% ∆ SoC), pressure, orientation and vibration. Electrical 
characterisation showed that neither pressure nor orientation had any impact on the capacity or 
resistance. Therefore, post-mortem analysis was not performed on either of these. Temperature, 
SoC, % ∆ SoC, current rate and vibration all impacted the resistance of commercial lithium-
ion cells whilst SoC and temperature both also impacted the cells capacity. 
Objective two was investigated by creating a method of post-mortem analysis that could be 
used to open, process and analyse the internal materials of the cell. This work’s primary work 
is associated with the treatment, preparation and analysis of cell materials during post-mortem 
analysis. These innovations are critical to reliably connecting the electrical data to changes 
within cell materials.  
This work found that the method (Dremel© multi-saw) used within literature to open lithium-
ion cells was done in a manner that caused chemical changes to the surface film at the negative 
electrode. The cause of the problem was production of dust, particles and other materials during 
the cutting and electrode removal process. These particles contaminated the active material 
surface which was shown to contain small quantities of copper, manganese and iron plus higher 
concentrations of oxygen. It was not possible to open 18650-type cylindrical cells without 
contaminating the sample. These problems can be overcome by using a method that removes 
the top cap with a pipe cutter and then peels the cell can open instead. This new method does 
not create dust, particles or metal shards. It does not cut into the electrode materials, uses less 
resources, is less convoluted and can be performed in a similar period of time. No contaminants 
were found in cells that were opened using this method and therefore it should be used. 
  
157 
 
It was also established that washing electrode samples after opening to remove solvents and 
salts was routinely performed. However, washing is not required to remove solvents and they 
can be removed by subjecting samples to low pressures instead. Although washing does 
remove electrolyte salts it affected the surface film of the samples being studied by causing 
significant changes to its chemical composition. Washed samples contain less LiPF6 salts but 
also contained no LiF; which is a known component of the surface film. Therefore, it can be 
concluded that washing should not be performed on delicate electrode surface films due to the 
chemical changes that it induces.  
Another method that has been utilised more and more in the study of the lithium-ion electrode 
surface film is x-ray photoelectron spectroscopy (XPS). XPS is used to detect the inorganic 
and organic components of the electrode. This work determined a method to calculate the 
relative thickness of an electrodes surface film using XPS analysis coupled with sputtering. 
This comprehensive study determined that it was possible to sputter until the sample obtained 
a ‘steady state’ in the spectra, indicating that the sample was no longer changing. At this point, 
XPS spectra can be used to calculate the absolute quantity of surface film relative to graphite 
environments. This method reliably determines increases in surface film quantity where it does 
not change chemically. Indeed, it is also used to quantifiably connect electrical performance to 
internal material changes.  
Surface films are also comprised of polymeric material, size exclusion high performance liquid 
chromatography (HPLC) is the primary method for studying these types of polymers. However, 
due to the presence of LiPF6, which decomposes to form hydrofluoric (HF) acid in the presence 
of water, these polymeric structures could not be studied by HPLC due to sample degradation. 
The wet chemistry method introduced was able to selectively remove LiPF6. This makes it 
possible to study changes in the polymeric components of the surface film under different usage 
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conditions. Therefore, it is now possible to use HPLC in the study of polymers within the 
surface film of commercially available lithium-ion cells – this was not possible before.  
Objectives three and four were then investigated by using the improvements in the method of 
sample processing and analysis and applying them to samples subjected to different current 
rates, temperatures, SoC, % ∆ SoC and vibration. 
Vibration of lithium-ion cells introduced a previously unknown cause of resistance rise and 
change to the surface film at the negative electrode. This cause was removal of the film from 
the electrode surface and then deposition within the electrolyte. Consequently, new surface 
film is formed in its place. This new film does not contain additives to help produce an optimal 
structure and the consequence is that the resistance increases. What is most interesting is that 
the proposed mechanism vibration introduced is unique to it and not seen under other 
conditions, other than high temperatures. This means that any accelerated ageing profile should 
include a vibration profile within it. This is because vibration alone may only introduce a 
comparatively small resistance increase but when coupled with temperature, state of charge or 
other conditions could have significant implications. 
The impact of current rate during charge was also studied. Higher charge rates increased the 
resistance and reduced the capacity of the cell. During post-mortem analysis with the new XPS 
method a relationship was established between cell resistance and thickness of the surface film. 
This is only true for charge rates of less than 4-C. At 6-C the chemical structure of the surface 
film changes. Therefore, any accelerated ageing testing of cells for this chemistry cannot utilise 
charge rates of 6-C but could use rates of up to 4-C without introducing additional mechanisms 
and only thickening the surface film. For many cells, a post-mortem characterisation of this 
type could identify what the specific c-rate that could be utilised was. In addition, the internal 
track of the electrode in 18650-type cells has a thicker surface film than the middle caused 
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from binder degradation causing complete delamination along this central track, further 
suggesting that 6 C-rates for this specific cell cannot be used for accelerated lifetime testing. 
The impact that temperature and SoC have was also studied. Cells subjected to higher 
temperatures had a higher resistance and capacity loss. However, the capacity and resistance 
of these NMC / graphite cells did not increase linearly. At 45oC the capacity and resistance is 
the highest but this was followed by low temperatures (10OC) and then at 25OC. For resistance, 
the increase can be associated with typical temperature trends, highest being worst, lowest 
being best. SoC showed a strong electrical relationship to both capacity and resistance with the 
highest SoC consistently the worst performer. Post-mortem analysis shows that the chemical 
composition of the film is continually changing from low to high temperatures and SoC. 
However, based on the two primary patterns of chemical changes seen an accelerated testing 
profile could contain a high SoC / low temperature study and a high temperature / high SoC 
condition to replicate the same chemical nature of the surface film in an accelerated period of 
time. 
This work comprises the start of an investigation into the fundamentals of cell ageing and 
accelerated testing. It does this by coming from the materials and working backward to the 
electrical performance. It also starts a process of investigating the methods used instead of 
assuming that current practice is suitable. Numerous problems existed with current practice 
and using the methodical approach taken here it is possible to continue to add to the methods, 
techniques and approaches taken.  
As a result of this work improvements can be made in the type of testing performed and in the 
type of discussion that JLR can have with suppliers over what impact operating conditions are 
having at a fundamental materials level. JLR now have a method to use in performing post-
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mortem analysis of lithium-ion cells that provides much better consistency. This work shows 
that it is possible to connect electrical performance to material changes. 
In an automotive context, this means that accelerated testing cannot be performed in the 
traditional way of increasing intensity e.g. higher temperature studies, and assume that this is 
the ‘worst-case’ scenario for the battery pack. As the lower temperature storage studies showed, 
for these specific cells, the lower temperature conditions have a marked impact on cell capacity. 
It also shows the importance of incorporating post-mortem studies and electrical performance 
tests to determine expected cell lifetime, especially when empirical models make assumptions 
with respect to surface film growth. Especially considering that such empirical models are 
predicting battery lifetime over a ten-year period with sometimes as little as six months of real-
world performance data. A disconnect between models assumptions and real-life could result 
in significant warranty costs.  
The actual values recorded here (e.g. 4-C charge rate) are specific to the cell chemistry and do 
not necessarily apply across other technologies. However, the method of analysis and 
validation that is required to obtain consistent and reliable post-mortem information does. And, 
as shown with the high variances in the electrical performance data in many instances the post-
mortem results can actually be more consistent in identifying detrimental conditions from cell 
to cell. 
In addition, the tests excluded by electrical performance data (orientation and pressure) alone 
are not conclusive. In this study, the results had to be pared down to those that could impact 
vehicle performance which in this case for these cells, during storage conditions, we saw no 
impact. It is likely that during charge-discharge cycling for instance that pressure will have a 
significant impact on battery performance and lifetime, or if cell chemistry was different. 
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